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ABSTRACT 


An  experimental  and  conputational  analysis  was  made  of  stress/ 
strain  concentrations  around  a  reinforced  circular  1.00  inch 
diameter  circular  cutout  in  HMF330C/34  (cloth)  graph! te/epoxy 
(G/Ep)  and  fiberglass/phenolic  honeycomb  sandwich  panels  under 
uniaxial  conpressive  loading.  T>^  ■h^ai-_  fip(at-!iTnpng^<arp>  lO.OO'^A  x 
8.50/',  eight  ply  quasi-isotropic  ([0, +45, 90, core]g)  "panels.  The 
reinforcement  consisted  of  either  one  or  two  additional  G/Ep  plies 
co-cur ed  to  the  outside  of  eacn  facesheet.  Three  general 
reinforcement  configurations  were  considered:  round,  square  and 
strips  parallel  to  the  applied  load.  The  analytical  results 
demonstrated  that  small  cimounts  of  reinforcement  could  greatly 
increase  the  strength-to-weight  ratio.  The  indication  was  that 
concentrating  the  reinforcement  close  to  the  cutout  yielded  the 

t*.r- 

greatest  decrease  in  stress  concentration.  A^ program  of 
experimental  validation  of  the  analytical  results  experienced  some 
problems  with  premature  panel  failure  caused  by  the  facesheets 
separating  from  the  core.  It  generally  confirmed  the  analytical 
results,  however.  Further  experimental  tests  on  prcxnising 
reinforcement  configurations  are  justified  based  on  these  results. 
Properly  designed  reinforcement  around  cutouts  in  con^site  panels 
cam  significantly  reduce  the  stress  concentration  and  holds  the 
promise  of  far  lighter  and  stronger  aerospace  structures.  ^  " 
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Therefore  profit  comes  frc«n  what  is  there; 

Usefulness  from  what  is  not  there. 

It  was  upon  that  passage  that  this  paper  was  based. 

The  author  owes  cin  incalculable  debt  of  gratitude  to  the  peopl 
who  made  this  research  possible,  for  their  unflagging  patience,  if 
nothing  else.  The  first  among  these  is  Professor  Milton  Bank  who 
was  initially  drafted  to  the  task  of  Thesis  Advisor  but  who  then 
adopted  my  project  as  his  own.  His  zest  and  enthusiasm  for 
knowledge  changed  my  life.  Professor  E.M.  Wu  entered  the  project 
at  the  last  stage  and  gave  it  a  fine  polish. 

Robert  Besel,  Glenn  Middleton  and  Ted  Dunton  of  the  Naval 
Postgraduate  School,  Department  of  Aeronautics  devoted  untold 
hours  to  helping  me  prepare  the  test  apparatus  and  contributed  no 
end  of  advice  and  assistance.  Drs.  J.A.  Bailie,  Normeui  Cyr  of 
Lockheed  Missiles  and  Space  Corp,  Sunnyvale,  CA  never  tired  of  my 
endless  questions.  The  success  of  this  research  is  due  to  their 
most  subtle  guidance.  My  debt  to  both  of  them  goes  beyond  what 
can  be  told.  The  funds  for  this  research  were  wholly  provided  by 
the  U.S.  Navy  Strategic  System  Project  Office,  Washington,  DC. 

Last,  I  thcuik  Professor  Robert  Zucker  of  the  Department  of 
Aeronautics  for  his  faith  and  for  his  example. 


I .  INTRODUCTION 


The  ratio  of  strength  to  weight  is  one  of  the  principal  means 
of  determining  the  efficiency  of  a  structure.  In  aerospace  appli¬ 
cations  this  comparison  cein  be  the  most  meaningful  measure.  The 
dilemma  of  designing  an  airframe  for  both  strength  and  lightness 
has  been  with  us  since  the  days  of  daVinci.  The  quest  for  ever 
higher  ratios  of  strength-to-weight  has  led  to  the  development  and 
use  of  high  modulus  advanced  composite  materials,  principally 
graphite  or  carbon  fibers  bonded  together  in  a  polymer  matrix,  in 
the  place  of  metal. 

Major  airframe  structural  ccxi^nents  such  as  wings  or  bulk¬ 
heads  require  cutouts  for  bolted  or  riveted  attachment,  access  to 
interior  space  and  passage  of  control  and  fuel  lines.  Timoshenko 
and  Goodier  [Ref.  1:  pp.  78-84],  aunong  others,  point  out  that  such 
holes  in  load-bearing  structures  act  to  greatly  increase  the  local 
stress  and  to  reduce  ultimate  strength.  This  characteristic  is 
referred  to  as  the  stress  (or  strain)  concentration  factor  (SCF  or 
K).  It  seems  the  SCF  may  have  several  definitions,  depending  on 
the  material  and  the  researcher.  In  this  report  it  shall  be 
defined  as  the  highest  plane  strain  existing  around  a  cutout 
divided  by  the  far-field  strain;  generally  called  the  gross  SCF  or 
Kgross'  Taking  into  consideration  Saint-Venant* s  principle,  the 
far-field  strain  is  assumed  to  be  equal  to  tne  strain  which  would 
exist  in  aui  ideal,  thin,  stressed  infinite  plate  if  a  cutout  was 
not  present.  Stress  and  strain  concentrations,  while  inextricably 
linked  in  elastic  materials,  are  not  the  same.  However,  since  in 
the  application  discussed  here,  there  is  little  appreciable 


numerical  difference,  the  term  "SCF"  will  be  used  to  indicate 
either  the  stress  or  strain  concentration  factor. 

When  holes  or  cutouts  are  necessary  in  a  structural  canponent, 
airframe  designers  generally  have  the  choice  of  accepting  either  a 
significantly  lower  ultimate  load  or  greatly  increasing  the  compo¬ 
nent's  strength,  and  thus  its  weight.  In  either  case  the  ratio  of 
strength-to-weight  is  reduced  in  proportion  to  the  highest  SCF 
existing  within  the  member.  Properly  designed  ductile  metal 
structures  mitigate  the  effects  of  SCF  by  plastically  deforming 
under  high  load  conditions.  This  response  delays  ultimate 
failure,  but  can  also  lead  to  unacceptable  reductions  in  both 
stiffness  and  fatigue  life. 

The  metals  used  in  aircraft  construction,  principally  aluminum 
and  titanium,  can  almost  always  be  considered  isotropic  (many 
manufacturing  processes,  however,  introduce  some  minor  directional 
properties).  The  magnitude  of  the  orthogonal  strains  (X,  Y  and 
shear)  existing  at  a  point  in  a  plane  isotropic  panel  result  from 
the  orthogonal  stress  resultant  at  that  point  and  are  in  propor¬ 
tion  determined  by  the  elastic  modulus  and  Poisson's  ratio.  An 
applied  in-plane  stress  on  an  isotropic  plate  will  not  induce 
curvature  other  than,  of  course,  the  possibility  of  the  plate 
buckling  under  compression.  Composite  plates  are  termed  "quasi¬ 
isotropic"  when  tney  are  composed  of  anisotropic  or  orthotropic 
laminae  stacked  with  the  directional  properties  arranged  in  a 
manner  to  react  identically  to  a  true  isotropic  material  to  both 
nonents  and  inplane  loads. 

Composite  laminates  typically  lack  the  ductility  of  metals. 

The  high-modulus  graph! te/epoxy  (G/Ep)  fibers  in  general  use  in 
the  aerospace  industry  allow  approximately  1%  strain  (10,000/i  ) 


in  tension  and  corrpression  to  complete  failure.  Depending  on  the 
fiber  orientation,  panels  constructed  of  laminated  advanced 
conposites  with  notches  or  cutouts  can  demonstrate  from  slightly 
less  to  much  more  sensitivity  to  holes  or  cutouts  than  otherwise 
identical  isotropic  metal  panels.  As  shown  by  Rybicki  and  Hopper 
[Ref.  2:  pp.  15-27],  among  others,  this  sensitivity  principally 
depends  on  the  type  of  weave  cind  the  orientation  of  the  plies  in 
the  laminate;  that  is,  it  depends  on  the  degree  of  orthotropy. 

The  inherently  brittle  nature  of  advanced  composite  materials, 
their  characteristically  low  strain  to  failure,  coupled  with 
manufacturing  limitations  make  their  design  a  far  more  demanding 
task  than  that  for  metals.  Other  characteristics,  however, 
including  fatigue  and  corrosion  resistance,  light  weight,  and 
easily  tailored  directional  properties  make  the  design  of 
composite  structures  very  attractive,  particularly  to  the 
aerospace  designer. 

A.  OBJECTIVES  AND  SCOPE 

This  study  was  designed  to  investigate  the  effect  of  relative¬ 
ly  simple  co-cured  reinforcement  of  a  cutout  on  the  strain  field 
and  failure  behavior  in  G/Ep  honeycomb  sandwich  panels  subjected 
to  uniaxial  compression.  Honeycomb  construction  allows  very  light 
yet  exceptionally  stiff  structures.  The  objective  was  to 
determine  if  a  simple  and  inexpensive  reinforcement  geometry  using 
small  volumes  of  co-cured  G/Ep  leunina  near  the  cutout  could 
significantly  reduce  local  stress  concentrations  and  increase  the 
ultimate  failure  strength  in  the  honeycomb  laminate.  The  idea  of 
local  reinforcement  around  holes  is  not  new;  Timoshenko  noted 
[Ref.  1;  p.  82]  tnat  "reinforcing  rings"  could  decrease  the  SCF  in 
plates  with  cutouts.  The  point  was  to  examine  the  reaction  of  an 


advanced  coit^osite,  a  material  whose  characteristics  differ 
markedly  from  those  Timoshenko  addressed. 

The  research  was  undertaken  with  the  manufacturer  principally 
in  mind.  Conplex  or  exceptionally  thick  reinforcement  geometries 
are  difficult  and  expensive  to  manufacture  cost-effectively  or 
with  a  high  degree  of  quality  assurance.  This  research  used  only 
very  thin  (maximum  thickness:  0.028“)  ply  reinforcement  in  three 
relatively  simple  geometries.  Since  facesheets  with  reinforcing 
plies  on  both  sides  would  require  machining  a  precise  shallow 
depression  in  both  the  face  of  the  the  honeycomb  core  and  the 
surface  of  the  layup  plate,  each  difficult  and  expensive  tasxs, 
reinforcement  was  restricted  to  the  outside  surface  of  each 
facesheet. 

This  study  was  limited  to  one  panel  size  (10.00"  x  3.50"),  a 
single  loading  condition  (uniaxial  compression)  and  three  rela¬ 
tively  simple  reinforcement  geometries.  The  1.00  inch  diameter 
circular  cutout  was  reinforced  with  concentric  co-cured  round  and 
square  G/Sp  plies  around  the  hole  and  stiffening  strips  displaced 
0.50  inch  (1  hole  radius)  laterally  from  the  cutout  edge.  The 
total  amount  of  reinforcement  used  varied  from  1  to  5  times  the 
G/Ep  removed  from  the  cutout.  Reinforcement  was  either  one  or  two 
plies  symmetrically  applied  to  the  outside  of  both  facesheets  of 
the  panel.  A  honeycomb  core  was  used,  as  it  would  be  in  an  actual 
application,  to  increase  the  panel  bending  stiffness  and  thus 
eliminate  the  buckling  of  the  whole  panel  as  a  mode  of  failure. 

The  basic  panel  facesheets  were  four  layer  [0,+45,90] 
HMF330C/34  G/Ep  cured  to  a  thickness  of  0.056  inch.  Cured  sheets 
were  bonded  to  both  sides  of  a  0.50  inch  thick  fiberglass/phenolic 
honeycomb  core  using  3M,  Inc.'s  AF-126  (250*F)  cured  adhesive. 


The  result  was  a  very  light,  thin  quasi-isotropic  laminate: 

[0, ±45, 90, core] g  with  a  great  resistance  to  bending.  The 
HMF330C/34  is  a  woven,  high-temperature  epoxy  (350*F)  G/Ep  fabric 
manufactured  by  the  Fiberite  Corporation  of  Winona,  MN.  In  order 
to  reduce  the  number  of  design  variables  tne  principal  axis  of  the 
reinforcement  plies  was  oriented  only  in  the  direction  of  the 
applied  compressive  load.  This  theoretically  gives  tne  highest 
stress  concentration  and  could  be  considered  the  worst  case. 

B.  REVIEW  OF  LITERATURE 

1.  Background  and  Historical  Research 

The  subject  of  notch- induced  stress  concentrations  in 
plates  has  been  extensively  documented.  The  effects  reinforcement 
have  on  the  SCF  in  plates  have  received  considerably  less  atten¬ 
tion.  Early  research  concentrated  on  metals  (isotropic  materials) 
and  focused  on  defining  the  stress  and  strain  fields  around 
circular  and  elliptic  cutouts.  Recent  research  has  been  primarily 
in  characterizing  the  response  of  orthotropic  and  anisotropic 
materials. 

Kirsch  [Ref.  3]  is  commonly  cited  as  the  first  to 
determine  exactly  the  stress  concentration  factor  of  a  cutout  in 
an  isotropic  material  from  the  theory  of  elasticity.  Howland 
[Ref.  4]  applied  the  solution  to  Airy’s  equation  in  polar 
coordinates  to  determine  the  magnitude  of  the  SCF.  One  of  the 
earliest  papers  addressing  reinforced  holes  was  by  Levy,  Woolley, 
and  Kroll  [Ref.  5].  They  investigated  the  effect  of  both 
reinforced  and  unreinforced  holes  on  the  buckling  strength  of 
square  isotropic  plates.  They  determined  that  presence  of  a  hole 
caused  only  a  relatively  minor  reduction  in  the  buckling 
(ultimate)  load. 


A  thorough  theoretical,  closed- form  mathematical  treatment 
of  anisotropic  materials  with  stress  concentrations  can  be  found 
in  tne  work  of  two  Russian  applied  mathematicians,  S.G.  Lekhnit- 
skii  and  G.N.  Savin.  Lekhnitskii  [Ref.  6]  principally  addressed 
the  distribution  of  stress  around  the  edge  of  variously  shaped 
cutouts  in  unreinforced  anisotropic  plates  and  shells  under  a 
variety  of  loading  conditions.  He  determined  that  a  plate  with 
high  anisotropy,  as  found  in  strictly  unidirectional  fiber  con¬ 
struction,  could  produce  a  stress  concentration  factor  near  9  when 
the  load  was  parallel  (0*)  to  the  principal  fiber  direction,  and 
slightly  more  than  2  with  the  load  perpendicular  (90®)  to  it.  It 
must  be  pointed  out  that,  in  composite  materials,  the  SCF  may  not 
have  a  exactly  proportional  effect  on  the  reduction  in  the  ulti¬ 
mate  strength  of  the  plate.  Due  to  the  composite's  ability  to 
redirect  the  load  path  once  fibers  are  broken  or  lose  stiffness 
through  matrix  degradation,  the  ultimate  strength  is  not  degraded 
as  much  as  would  be  expected  by  the  presence  of  the  stress  concen¬ 
tration.  This  phenomenon  is  discussed  in  more  detail  in  section 
II. D. 4. 

Savin  [Ref.  7]  treated  the  stress  and  strain  fields  in  a 
plate  resulting  from  a  cutout.  He  addressed  the  SCF  as  a  function 
of  a  plate's  linear  material  properties,  ply  orientation  and 
stacking,  and  its  loading.  Hole  size,  reinforcement  and  geometry 
were  not  addressed.  A  computer  program  was  developed  by  Garbo  and 
Ogonowski  of  McDonnell-Douglas  [Ref*  8;  Vol.  3]  which  computes  the 
stress  and  strain  field  around  a  cutout  based  on  Lekhnitskii ' s  and 
Savin's  analyses.  It  was  modified  by  the  author  for  the  IBM  370 
and  is  listed  in  Appendix  P. 


Substantial  research  in  stress  concentrations  in  composite 
plates  was  done  by  Greszczuk  [Ref.  9].  He  developed  a  theoretical 
solution  for  failure  stress  and  stress  concentrations  in  both 
ortho tropic  and  anisotropic  material  under  tension.  His  method 
was  based  on  the  HencKy-Von  Mises  distortion  energy  method,  and 
gave  both  magnitude  and  locations  of  the  ultimate  stress.  Rybicki 
and  Schmueser  [Ref.  10]  investigated  the  effects  of  laminate 
stacking  sequence,  lay-up  angles,  fabrication  tenperature  and 
thickness  on  panel  stress  concentrations  using  finite  element 
analysis. 

There  is  relatively  little  research  into  the  effects  of 
reinforcement  around  holes  in  composite  plates  which  has  been 
reported  in  the  open  literature.  Virtually  nothing  is  available 
on  the  behavior  of  notched  reinforced  plates  in  con^jression  or  on 
the  effect  on  the  type  of  failure  of  using  honeycomb  in  such 
structures . 

Kocher  and  Cross  [Ref.  11]  demonstrated  experimentally 
that  titanium,  graphite  and  steel  reinforcement  around  a  circular 
cutout  in  a  coit^xasite  plate  could  reduce  the  SCF  cind  increase  the 
ultimate  failure  load  in  tension.  Their  results,  however,  were 
based  on  relatively  ccsr^lex,  thick  reinforcement  geometries  that 
have  not  found  acceptance  in  aeronautical  design. 

A  novel  cutout  reinforcement  method  using  oonded  hoop- 
wound  G/Ep  disks  was  addressed  by  McKenzie  [Ref.  12].  The  disks 
were  used  to  reinforce  both  aluminum  and  G/Ep  plates  under  tensile 
loads.  The  method  proved  effective  both  in  reducing  the  stress 
around  the  cutout  and  increasing  the  plates'  strength. 

The  team  of  Daniel,  Rowlands  and  Whiteside  [Refs.  13-17] 
did  extensive  experimental  work  in  characterizing  the  effects  of 


cutouts  on  a  variety  of  con?iosite  materials.  They  did  some 
limited  testing  of  reinforced  specimens  in  tension  and  found 
proportionately  reduced  SCFs  and  increased  strength.  They 
determined  that  interlaminar  deformations  occurred  in  the  boundary 
region  of  the  cutout,  an  area  they  defined  as  extending  about  one 
laminate  thickness  fran  the  free  edge.  This  deformation  was 
very  nonlinear  cind  could  cause  delamination  at  relatively  low 
loads.  Strain  levels  next  to  the  cutout,  prior  to  failure,  were 
found  to  be  higher  than  the  ultimate  failure  strain  of  panels 
without  cutouts.  Based  on  that,  they  determined  that  the  SCF  did 
not  necessarily  produce  a  proportional  reduction  in  strength. 

They  recommended  keeping  the  reinforcement  close  to  the  hole, 
using  stepped  diameter  plies  ("wedding  cake")  to  facilitate  the 
load  trainsfer,  and  using  45“  plies  in  the  reinforcement  where 
possible. 

Knauss,  Starnes,  Henneke  [Ref.  18]  tested  unreinforced 
0.15  and  0.24  inch  thick  T300/5208  panels  in  compression  for 
unbuckled  and  postbuckled  strength.  They  found  that  under  high, 
but  less  than  normally  ultimate  stress  levels,  the  laminate  around 
the  hole  could  buckle  locally,  delaminate  and  initiate  total  panel 
failure.  A  micro-mechanical  failure  mode  was  postulated  where 
limited  fioer  buckling  at  the  point  of  stress  concentration  caused 
by  local  imperfections  such  as  voids,  matrix  cracking  or  poor 
fiber-matrix  bonds  led  to  total  failure. 

2.  Summary  of  Recent  Related  Research 


missile  (SLBM)  and  the  prototype  Lear  Fan  prop jet  aircraft  and  the 
fact  that  it  has  a  relatively  small  data  base  coitpared  to  other 
G/Ep  prepreg  material  currently  in  aerospace  use.  This  research 
was  funded  by  the  Strategic  Systems  Project  Office  of  the  Naval 
Sea  Systems  Comtncind  and  greatly  assisted  by  Lockheed  Missiles  and 
Space  Co.  (LMSC),  Sunnyvale,  CA. 

The  initial  project  was  undertaken  by  Herman  [Ref.  19]  who 
investigated  the  pre-  and  postbuckled  strength  of  HMF330C/34 
panels  loaded  strictly  in  shear.  He  used  a  molded-in  45“  flange 
around  the  cutout  to  add  strength  to  the  shear  web.  He  determined 
that  tnis  reinforcement  method  was  well-suited  to  adding  stiffness 
to  panels  that  were  not  buckled  but  that  the  panels  did  not  see  a 
significant  increase  in  ultimate  strength  once  buckling  had 
occurred . 

O'Neill  [Ref.  20]  demonstrated  that  reinforcement  of  only 
one  face  of  a  notched  panel  under  tensile  loading  provided  lixnited 
additional  strength.  Initially,  the  reinforcement  of  only  one 
side  of  a  cutout  was  considered  attractive  since  only  a  small 
additional  manufacturing  effort  was  required.  Asymmetric  rein¬ 
forcement,  however,  displaces  the  midplane  of  the  laminate  (under 
the  reinforced  area)  toward  the  reinforced  side.  Uniaxial  tension 
tends  to  pull  this  local  midplane  toward  the  load  line,  causing 
out-of-plane  bending  at  the  hole,  wnich  results  in  high  shear 
stress  between  plies,  deleimination  and  premature  failure.  The 
de lamination  counteracts  most  of  the  decrease  in  stress  concentra¬ 
tion  provided  by  the  reinforcement. 

Pickett  and  Sullivan  [Ref.  21]  and  Bank,  et  al.  [Ref.  22] 
continued  O'Neill's  research  examining  tension  panels  with 
symmetric  reinforcement.  They  showed  that  suitably  designed 


reinforcement  which  was  symmetric  along  the  axis  extending  through 
the  panel's  thickness  could  both  reduce  strain  concentrations  and 
proportionately  increase  the  ultimate  strength.  No  delamination 
was  noted  in  their  test  panels. 

The  work  reported  here  extends  the  idea  of  symmetric  hole 
reinforcement  to  conpression  specimens  with  a  honeycomb  core. 


A  thorough  investigation  into  the  effect  of  reinforcement 
around  stress  concentrations  in  composite  plates  must  examine 
various  materials,  hole  sizes,  panel  and  reinforcement  layups  and 
geometries  as  well  as  the  means  and  directions  of  load  applica¬ 
tion.  This  research  addressed  only  a  small  portion  of  the  total 
problem.  The  material,  hole  and  panel  size,  layup  and  loading 
method  remained  constant — only  the  amount  and  the  shape  of  the 
reinforcement  was  varied.  Reducing  the  number  of  design  variaoles 
to  only  two  allowed  an  analysis  of  the  sensitivity  of  the  SCF  to 
certain  thin  reinforcement  geometries. 

A.  METBOD  OF  INVESTIGATION 

To  investigate  the  effects  of  co-cured  reinforcement  around 
cutouts,  linear  elastic  finite  element  analysis  (LEFEA)  was 
ertployed  to  determine  the  strain  field  in  each  panel  configura¬ 
tion.  Plots  were  drawn  of  the  strains  existing  on  a  line  from  the 
point  of  highest  stress  concentration  at  the  cutout  across  the 
middle  of  the  panel  (the  X  axis)  and  around  the  cutout  and  con¬ 
tours  of  the  three  inplane  strain  fields  (Y,  X,  and  shear).  These 
are  included  as  figures  in  the  appendices  for  each  geometry. 
Specimens  of  each  configuration  were  manufactured,  instrumented 
with  strain  gages  and  finally  loaded  in  compression  to  failure. 

The  analytical  and  experimental  results  were  conpared  and  the 
failure  mode  of  each  panel  evaluated. 

Total  failure,  in  this  report,  is  assuiaed  to  be  facesheet 
delamination,  separation  and  buckling  with  massive  fiber  failure 


such  that  the  panel  could  not  withstand  a  full  reversal  of  the 
load.  Partial  failure  was  facesheet  delamination  and  separation 
without  the  massive  fiber  failure  and  infers  that  there  could  oe 
significant  tensile  strength  remaining. 

B.  COORDieiATE  SYSTEM 

There  are  several  different  right-hand  coordinate  systems  that 
have  been  used  in  the  analysis  of  laminated  materials.  Analysis 
is,  of  course,  independent  of  the  the  system  used,  but  more  than 
one  student  has  lost  his  way  attenpting  to  compare  methods  or 
results  expressed  in  different  systems  by  various  recognized 
authorities  in  the  field. 

The  data  presented  in  this  report  is  based  in  a  cartesian 
system  with  the  pleuie  of  the  laminated  panel  aligned  in  the  X-Y 
plane.  Individual  ply  orientations  are  considered  to  be  rotated 
counter-clockwise  from  the  X  axis  an  cingle  of  theta  (  Q  )  degrees. 
These  plies  in  the  layup  are  assigned  a  local  orthogonal  coordi¬ 
nate  system  designated  the  1-2  axes.  The  1  axis,  also  referred  to 
as  the  principal  axis,  is  considered  to  be  in  the  fiber  direction 
with  the  highest  elastic  modulus  (Ej^). 

Figure  2.1  shows  the  upper  right  quadrant  of  a  typical  panel 
in  the  X-Y  (global)  coordinate  system  as  well  as  the  ply  1-2 
(local)  coordinates.  This  coordinate  system  was  used  by  R.M. 

Jones  in  Mechanics  of  Congosite  Materials  and  Ashtcxi,  Halpin,  and 
Petit  [Ref.  23 j.  Tsai  eind  Haihn  [Ref.  24]  chose  instead  to  fix  the 
X-Y  axes  to  the  ply  and  the  1-2  axes  to  the  pemel.  The  principal 
researchers  in  the  field  do  not  use  the  same  system. 

The  panel  is  oriented  so  that  the  area  of  greatest  interest,  a 
horizontal  plane  bisecting  the  circular  cutout,  is  aligned  with 
the  X  axis,  where  y  =  0.0".  The  origin  is  assigned  to  the  center 


of  the  circular  cutout.  The  compressive  load  is  applied  to  the 
panel  90“  to  this  plane,  parallel  to  the  Y  axis,  and  referred  to 
as  ^  axis  is  centered  at  the  midplane  of  the  panel  and 

extends  through  the  thickness  toward  the  viewer,  completing  a 
right-hand  coordinate  system. 

C.  SEE^CnON  OF  TEST  SPECIMEN  OXlFIGURAnGH 

The  dimensions  of  the  test  specimens  were  chosen  to  approxi¬ 
mate,  at  least  in  order  of  magnitude,  a  typical  honeycomb  panel 
with  a  cutout  found  in  many  aerospace  applications.  The  overall 
size  was  limited  by  the  size  of  the  test  machine  and  conpression 
test  frame. 

Hong  and  Crews  [Ref.  25],  eimong  others,  demonstrated  that  the 
stress  concentration  in  orthotropic  conposites  under  uniaxial 
loading  was  dependent  on  the  ratio  of  hole  diameter  to  panel  width 
(d/w).  Whitney  and  Nuismer  [Refs.  26  &  27]  pointed  out  that  the 
absolute  hole  size  had  a  significant  effect  on  the  stress  gradient 
and  ultimate  strength  when  the  hole  diameter  (d)  was  less  than  1.0 
inch. 

The  cutout's  1.00  inch  dieimeter  was  chosen,  therefore,  to 
limit,  as  much  as  possible,  hole-size  effects.  The  panel  was  then 
designed  as  large  as  practical  to  reduce  the  effect  of  finite 
panel  dimensions  and  still  fit  into  the  test  frame  and  machine. 
Hole-size  cind  finite-width  effects  are  addressed  in  more  detail 
in  Section  II. D. 3.  The  specimen  size,  10.00"  x  8.50",  gave  a 
dicuneter-to-width  ratio  (d/w)  of  0.118  euid  a  diameter- to- length 
ratio  (d/1)  of  0.100.  A  comparison  is  made  in  Section  III.C.3 
between  the  solutions  for  finite  and  infinite  plates  of  otherwise 
equal  thickness  euid  material  constants. 


A  fabric  G/Ep  prepreg  material  was  chosen  because  it  has  been 
somewhat  less  studied  them  tape  cuid  because  it  is  finding 
increased  use  in  airframe  construction.  The  cured  fabric  laminate 
has  slightly  less  in-pleine  stiffness  and  strength  per  unit  thick¬ 
ness  than  uniaxial  tape  made  from  identical  fibers.  This  is  due 
to  the  nature  of  the  weave,  where  the  fibers  (or  tows)  are  cured 
with  "crimps"  rather  than  straight.  Fabric  has,  however,  demon¬ 
strated  significant  advantages  over  tape  in  its  daunage  tolerance 
[Ref.  28]  and  ease  of  manufacture  [Ref.  29]. 


Graphite/ epoxy  unidirectional  tape  can  be  most  effectively 
applied  in  flat  or  slightly  curved  structures  such  as  wings  and 
access  panels.  Fabric,  on  the  other  hand,  lends  itself  to  appli¬ 
cations  requiring  high  curvature  or  con^lex  shapes.  Tape  cannot 
be  used  in  small  inside  or  outside  radius  applications  without 
fiber  separation,  inducing  matrix-rich/ fiber-poor  areas  and 
suffering  severe  loss  of  strength. 

HMF330C/34  fabric  G/Ep  manufactured  by  Fiberite  Inc.  was 
chosen  because  it  is  a  high  modulus  fabric,  using  Thornel  T300 
graphite  fibers,  found  in  many  aerospace  applications.  It  is  an 
eight  harness  satin  (SHS)  weave  cloth  which  minimizes  the  number 
of  fiber  crimps  while  maintaining  many  of  the  desirable  character¬ 
istics  of  cloth.  Figure  2.2  illustrates  some  details  of  its  weave 
1.  Panel  Reinforcement  Configuration 

Reinforcement  of  the  panel  cutout  was  of  three  general 
types:  round,  square,  and  strip.  The  round  and  square  were 
concentric  with  the  hole,  the  "stiffening"  strips  were  centered 
0.750  incn  away  from  the  hole  edge,  parallel  to  the  applied  load. 
Table  I  lists  the  panel  designations,  reinforcement  gecxnetries  and 
ounounts;  Figure  2.3  shows  representative  configurations. 
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FIBER  CRIMPS 


Figure  2.2  8  Harness  Satin  (8HS)  Weave  Cloth 


The  basic  panel  was  a  quasi-isotropic  eight  ply  (nine 
separate  layers  including  the  core)  G/Ep  panel.  For  more  simple 
con^jarison,  the  amount  of  reinforcement  was  normalized  by  tiie 
amount  of  G/Ep  removed  from  the  1.00  inch  diameter  cutout  in  the 
facesheets  of  the  unreinforced  panel.  The  relative  volume  of  tne 
reinforcement  ply(s)  was  determined  from  this  volume  (0.088  in^) 
of  G/Ep.  The  round  and  strip  reinforced  panels  had  5  increments 
of  100%  of  the  removed  reinforcement  volume  and  the  square  rein¬ 
forcement  had  increments  of  100,  300  and  500%.  The  200%  and  400% 
reinforcements  were  each  two  plies  thick. 


Houm'd 


Figure  2.3  Panel  Reinforcement  Configurations. 

The  panel  designation  was  devised  to  be  somewhat  descrip 
tive  of  the  test  specimen.  The  first  letter,  8  or  R,  refers  to 
either  a  £lain  (unreinforced)  or  reinforced  configuration,  respec 
tively.  The  second  letter  indicates  the  type  of  reinforcement: 
none  (O),  round  (R),  square  (S)  or  strip  (H);  X  indicates  no  hole 
was  present.  The  first  numeral  represents  the  normalized  percent 


of  reinforcement,  1  to  5  for  100%  to  500%  (0  indicates  no  rein¬ 
forcement).  The  second  numeral  is  the  number  of  reinforcing  plies 
on  each  facesheet.  For  example,  RH42  is  a  reinforced  panel  with 
four  times  the  removed  hole  volume  (0.352  in  )  arranged  in  a  strip 
configuration,  2  plies  thick  on  each  facesheet. 


TABLE  I 

TEST  SPECIMEil  MATRIX 


Panel 

Designation 

Reinforcement 

Type 

Normalized 
Volume  { % ) 

Ply(s)  per 
Facesheet 

PX00 

No  cutout  or  reinforcement 

PO00 

None 

0 

0 

RRll 

Round 

100 

1 

RR22 

Round 

200 

2 

RR31 

Round 

300 

1 

RR42 

Round 

400 

2 

RR51 

Round 

500 

1 

RSll 

Square 

100 

1 

RS31 

Square 

300 

1 

RS51 

Square 

500 

1 

RHll 

Strip 

100 

1 

RH22 

Strip 

200 

2 

RH31 

Strip 

300 

1 

RH42 

Strip 

400 

2 

RH51 

Strip 

500 

1 

Figure  2.4  shows  a  typical  laminate  cross-section  from  the 
midplane.  Each  panel  was  symmetric  about  all  three  axes. 
Exceptional  care  was  required  and  taken  during  the  manufacturing 
process  to  ensure  that  the  reinforcement  plies  were  placed 
directly  opposite  each  other  on  the  opposing  facesheets.  When 


measured,  no  reinforcement  was  more  than  0.05"  off  center;  the 
average  was  Less  than  0.02". 

D.  SOME  CHARACTERISTICS  OF  NOTCHED  GRAPHITE/EPOXY  PLATES 

The  characteristics  of  composite  materials  differ  radically 
from  those  of  the  metals  they  replace.  As  previously  noted, 
coir^site  fibers,  particularly  G/Ep,  are  by  nature  very  brittle. 
Tensile  failures  in  conposite  plates  with  cutouts  are,  almost 
without  exception,  load  dependent.  [Refs.  20-22] 


Compressive  failure,  the  type  dealt  with  here,  is  more 
dependent  on  the  type  and  thickness  of  the  laminate,  the  use  of 
honeycomb  to  overcome  the  tendency  to  buckle,  the  size  of  cutouts 
and  the  presence  of  imperfections.  The  coirpressive  failure  modes 
tend  to  be  con^lex,  con^sed  of  one  or  more  types  of  failure: 
stability,  ply  delcimination,  matrix  cracking,  etc.  Stability 
failure  is  principally  the  buckling  of  either  fibers  within  the 
matrix  (micro-mechanical)  or  the  structure  itself  (macro- 
mechauiical).  These  test  specimens  and  the  frame  were  designed  to 


preclude  macro-mechanical  buckling  (in  the  Euler  column  mode) 
since  little  would  be  learned  about  the  reinforcement  effects  and 
this  type  of  failure  has  been  well  documented  beginning  with  Levy, 
Woolley  and  Kroll  [Ref.  5]. 


1.  Stress  Concentration  due  to  Notch  Effects 

It  is  well  known  that  notches  and  cutouts  in  plates  act  as 
stress  risers.  For  circular  holes  in  plane  elastic  isotropic 
infinite  plates  under  uniaxial  tension  or  compression,  the  stress 
at  the  hole  edge  90*  to  the  applied  load  will  be  exactly  three 
times  the  far-field  stress.  The  distribution  of  stress  around  the 
hole  edge  and  the  stress  field  around  it  can  be  predicted  using 
Airy's  stress  function.  Dally  and  Riley  [Ref.  30:  pp.  67-83]  give 
a  clear  and  concise  derivation  of  the  stress  field  equations  which 
will  not  be  repeated  here. 

2.  Orthotropic  Effects  on  Stress  Distribution 

When  an  orthotropic  plate  with  a  stress  riser  is  loaded, 
the  SCF  depends  on  the  degree  of  orthotropy,  that  is,  how  much  the 
elastic  raodulii  change  with  radial  direction.  This  is  sometimes 
referred  to,  not  always  correctly,  as  the  ratio  of  Ej^/E^.  The 
subscripts  "1"  and  "t"  refer  to  the  effective  lateral  emd  trans¬ 
verse  modulii  where  the  lateral  direction  is  parallel  to  the 
applied  load  and  transverse  is  90*  to  it.  In  the  coordinate 
system  used  in  this  report,  the  load  is  applied  parallel  to  the  Y 
axis  cind  the  ratio  is  expressed  as:  Ey/Ej^.  Note  that  a  ratio  of 
1.0  does  not  ensure  isotropy;  it  must  be  accoit^janied  by  the  appro¬ 
priate  shear  modulus  {G„^)  and  Poisson's  ratio  {  For  a 

circular  hole  in  an  infinite-width  plane  orthotropic  plate,  the 
stress  concentration  on  the  cutout  edge  90*  to  the  applied 
load  was  given  by  Nuismer  and  Whitney  [Ref.  27:  Eqn.  3]  as: 


K 


(2.1) 


=  1  +  J  2(JEj_/E^  -  i;it)  +  Ei/Git  . 

In  an  idealized  infinite  laminated  plate,  this  equation 
must  be  equally  valid  in  both  tension  and  compression.  This 
stress  concentration  factor  (K  )  may  be  considered  a  far  better 
indication  of  the  orthotropy  of  a  material  than  the  ratio  Ej^/E^. 

The  distribution  of  stress  in  the  Y  direction  along  the  X 
axis  (OTyCxjO))  due  to  an  applied  (far-field)  normal  stress 
may  be  approximated  using  the  following  equation: 

ay(x.O)  =  C(an/2)(2+b2+3b^-(K  -3 )  (Sb^-Tb^)],  (2.2a) 

where : 

b  =  a/(x-d/2)  and  x  >  d/2.  (2.2b) 

The  variable  "d"  is  the  diameter  of  the  circular  cutout  and  "x"  is 
a  location  along  the  X  axis  (y  =  0.0")  when  the  coordinate  system 
is  concentric  with  the  hole.  This  relationship  is  a  quite 
accurate  polynomial  approximation  developed  by  Konish  and  Whitney 
[Ref.  31]. 

3.  Effects  of  Finite  Plate  Width  and  Hole  Size  on  SCF 

Compared  to  infinite  plate  width  under  uniaxial  stress, 
finite  plate  width  acts  to  increase  the  SCF.  This  fact  becomes 
obvious  in  plates  with  a  high  d/w  ratio.  The  applied  stress  must 
be  carried  by  a  greatly  reduced  net  cross-section.  The  increase 
in  SCF  is  due  more  to  the  net  section  effect  them  the  presence  of 
the  cutout.  Peterson  [Ref.  32;  pp.  110-111]  gives  the  following 
equation  to  approximate  the  SCF  at  the  edge  of  an  unreinforced 
circular  cutout  in  a  finite-width  isotropic  plate; 

Kf  »  [2  +  (l-(d/w)3)]/[i-(d/w)] 


(2.3a) 


This  can  be  extended  to  an  orthotropic  plate  where  K^does  not 
equal  exactly  three  using: 

Kf  =  (K„/3)  2+Cl-(d/w)^]  /[l-(d/w)]  (2.3b) 

The  test  specimens  used  in  this  report  had  a  d/w  ratio  of 
0.118;  Kj  was  then  calculated  to  be  3.045  for  the  unreinforced, 
quasi- isotropic  panel  PO00.  At  =  -10.0  ksi  this  would 
theoretically  make  the  maximum  stress  -30,450  psi  at  the  0=0" 
position  on  the  cutout  (90*  to  the  applied  load)  conpared  with 
30,000  psi  predicted  for  an  infinitely  wide  plate.  This  is  an 
increase  of  1.5%.  Thus  panel  width  has  little  more  than  a 
negligible  effect  on  the  SCF  of  the  test  specimens  in  this  report. 

Further  data  that  relate  a  plate's  dimensions  to  its  SCF 
are  given  by  Hong  and  Crews  [Ref.  25:  pp.  8-10].  They  calculated 
stress  concentration  factors  in  finite-width  orthotropic  plates 
under  uniaxial  loads  using  finite  element  analysis.  They  used  a 
different  definition  of  SCF,  one  based  on  the  net  cross-sectional 
area  stress  concentration  (J^et^*  This  report  uses  the  SCF  based 
on  far-field  stress  or  the  gross  SCF  (Kgj-Qgg).  The  two  are 
related  by  the  equation: 

Voss  =  K„gt/ti-(d/w)].  (2.4) 

To  make  valid  comparisons  with  SCF  data  presented  in  this  report 
selected  results  of  Hong  and  Crews’  analysis,  converted  from 
to  Kgj.Qgg,  are  listed  in  Table  II. 

Their  results  show  that  quasi-isotropic  layups 
([0,±45,90]g)  give  results  very  close  to  the  theoretical  isotropic 
values.  Greater  orthotropy  in  the  load  direction  results  in  a 
correspondingly  greater  SCF.  It  is  interesting  to  note  that  the 


ratio  of  length  to  width  (1/w)  has  an  increasing  effect  on  the  SCF 
as  the  ratio  d/w  increases. 

Nuismer  and  Whitney  [Ref.  27;  p.  118]  point  out  the  effect 
of  absolute  hole  size  on  panel  failure:  ".  .  .  attention  was 
called  to  a  phenomenon  that  since  became  known  as  the  'hole  size 
effect, '  that  is,  for  tension  specimens  containing  various  sized 
circular  cutouts,  larger  holes  cause  greater  strength  reductions 
them  do  smaller  holes."  They  state  that  the  classical  stress 
concentration  approach  does  not  explain  such  am  effect  and  they  go 
on  to  propose  that  while  the  stress  concentration  factor  is  the 
same,  the  distribution  amd  gradient  near  the  hole  is  different. 
Figure  2.5  reproduced  from  Ref.  27  illustrates  this  point. 

4.  Failure  Stress  Criteria 


As  previously  noted,  the  SCF  does  not  explain  the  "hole 
size  effect"  on  failure.  Nuismer  and  Whitney  rejected  linear 
elastic  fracture  mechanics  (LEFM)  to  explain  the  inverse  relation¬ 
ship  between  hole  size  and  strength.  They  noted  that  while  all 
circular  holes  in  infinite  width  plates  should  have  the  same 
theoretical  SCF,  the  distribution  in  fact  chamges  with  hole 
radius.  The  smaller  the  hole  the  more  concentrated  the  stress 
near  the  edge  appears  [Ref.  27;  p.  118].  Nuismer  and  Whitney 
proposed  that  when  the  notched  stress  reached  an  average 

value  of  the  unnotched  ultimate  stress  over  scxne 

characteristic  distance  ao,  that  the  pamel's  ultimate  strength  had 
been  reached  and  failure  resulted.  This  characteristic  distemce 
ao  must  be  arrived  at  by  testing  a  statistically  significant 
number  of  panels.  This  distance  ao  is  defined: 


1  r  _ 

-  I  (7y(X, 

j  0 


0)dx  »  (J 


(2.5) 


The  ratio  of  notched  to  unnotched  ultimate  strength  (^^n/^u^ult 
for  infinite  plates  is: 

a^/a^  =  2(l-^)/[2-  ^2,^4  +(k^-3)(^6- ^8)]  (2.6a) 

where : 

^  =  d/(d/2  +  a»)  and  x  >  a».  (2.6b) 


Nuismer  and  Labor  [Ref.  33:  p.  55]  determined  that  for 
AS/3501-5  G/Ep  (tape)  in  conpression  this  characteristic  length 
was  6.2  nm  (0.24").  They  also  note  that  the  characteristic  length 
for  tape  in  tension  was  only  2.3  mm  (0.091").  Test  data  provided 
by  LMSC  indicates  that  for  HMF330C/34  fabric  G/Ep  this  character¬ 
istic  length  is  close  to  7.3  ram  (0.33")  in  compression. 

5.  Effect  of  Poisson  and  Interlaminar  Stresses  on  Failure 
Isotropic  materials  may  be  modeled  using  classical  plate 
theory  neglecting  out-of-pl2uie  stresses  (±z  in  this  coordinate  sys 
tem).  Orthotropic  materials,  however,  develop  coiplex  inter¬ 
laminar  stress  fields  necir  the  edge  of  a  cutout.  The  subject  has 
received  much  theoretical  attention  [Refs.  34  through  36].  Tang 
[Ref.  34:  p.  1631]  states  that  ".  .  .  radial  and  shear  stresses  of 
each  layer  along  the  contour  of  the  hole  are  in  general  not  zero 
because  there  exists  a  three-dimensional  state  of  stress  at  the 
free  edge  of  each  layer  which  the  plane  stress  solution  cannot 
predict."  Greszczuk  [Ref.  9:  p.  372]  pointed  out  that  "In  ortho¬ 
tropic  emd  anisotropic  plates  containing  openings,  the  failure 
will  take  place  not  as  a  result  of  stress  concentration,  but 
rather  as  a  result  of  interaction  of  various  stress  coR^nents." 

Under  uniaxial  con^ressive  loading  the  laminate  will  have 
a  Poisson  expansion  induced  out-of-plane  tensile  stress  (CT.) 
which  is  highest  at  the  hole’s  edge  at  point  of  the  greatest 


stress  concentration.  This  stress  is  added  to  any  local  stress 
due  to  machining  and  imperfections  and  combined  tend  to  hasten 
delamination  and  the  ultimate  failure.  In  the  experimental 
results  reported  here  it  was  not  possible  to  effectively  quantify 
the  effect  on  failure  of  this  out-of-plane  stress. 


Before  an  experimental  program  could  be  developed,  it  was 
necessary  to  understand  cind  be  able  to  analyze  the  strain  field 
resulting  from  a  cutout  in  a  representative  panel  and  to  be  able 
to  predict  the  reaction  of  test  specimens  to  an  applied  com¬ 
pressive  load.  Three  analysis  methods  were  used:  classical 
laminate  theory,  the  linear  elastic  stress  function  and  linear 
elastic  finite  element  analysis  (LEFEA). 

Laminate  analysis  provides  the  basic  stress-strain  relation  at 
a  point,  once  the  material  properties  of  each  constituent  ply  are 
specified.  The  stress  function  was  used  to  predict  the  theoreti¬ 
cal  stress-strain  fields  in  an  infinite  unreinforced  orthotropic 
elastic  plate  with  a  circular  cutout.  These  two  can  be  solved  in 
closed-form  and  require  relatively  little  computation  time  using 
modern  computers.  The  finite  element  method  allows  detailed 
analysis  of  reinforced  finite-width  reinforced  panels,  but 
requires  a  significant  allocation  of  computer  resources  for  an 
accurate  representation  of  the  strain  field. 

There  are  several  coordinate  systems  and  notations  in  general 
use  in  laminate  analysis.  The  following  section  presents  the 
method  used  in  this  report,  explicitly  defines  the  notation  and 
gives  justification  for  some  of  the  assumptions  that  were  made. 

A.  LAMINATE  THEORY  AND  ANALYSIS 

Laminate  theory  seeks  to  predict  the  properties  of  a  multi¬ 
directional  composite  lauminate  based  on  the  properties  and 
orientation  of  its  constituent  leunina.  Individual  Iciminae  are 


usually  either  unidirectional  (tape)  or  woven  (cloth)  fibers 
embedded  in  a  polymer  matrix  (generally  a  thermoset  resin  whose 
molecules  are  linked  in  three  dimensions  and  which  exhibits 
elastic  properties  in  normal  use)  and  tend  to  have  strongly 
directional  properties.  The  theory  assumes  that  the  state  of 
stress  is  plane,  displacements  are  small  compared  to  laminate 
thickness  and  that  strain  is  much  smaller  than  unity. 

Pipes  [Ref.  37:  pp.  4-1,  5-1]  presented  the  micro-  and  macro¬ 
mechanical  models  tnat  are  the  basis  of  the  theory.  An  anisotro¬ 
pic  material's  elastic  response  at  a  point  to  applied  stresses  may 
be  defined  using  generalized  Hooke's  Law.  The  constitutive  rela¬ 
tion  is  Equation  3.1,  where  and  ^  are  the  components  of 

the  stress  and  strain  tensors  and  is  the  tensor  of  elastic 

constcints.  Using  this  most  general  of  equations  there  are  3^^  or 
81  material  constants. 


-E  Ec. 


jkl  ^kl 


k=l  1=1 


This  equation  may  be  greatly  simplified  using  the  symmetry  of 
stress  and  strain  and  the  requirement  that  the  strain  energy 
density  function  be  positive  definite  [Love,  Ref.  38:  pp.  ^7-111 
and  Feynmein,  Ref.  39:  v.  2,  ch.  31-7]  reducing  the  independent 
elastic  constants  from  81  to  21.  Symmetry  reduces  both  G j  and 
from  nine  to  six  different  values.  Feynmein  explains  that  the 
elastic  response  of  a  crystal  with  rro  symmetry  in  the  three  axes 
can  be  completely  defined  using  21  independent  coefficients.  The 
notation  can  be  contracted  using  the  following  convention  where 
the  index:  i  =  1,2,3: 


m 


(3.2) 


aii  =  Qi  023  *  ^12  -  ^5  ^12  "  ^6 

^ii  “  *i  ^23  *  ^4  ^13  =  ^5  ^12  =  ^6 

The  constitutive  relation  cam  now  be  expressed  as: 

6 

^i  *  ^ij  ^j* 
j=l 

This  is  a  sixth-order  symmetric  matrix  (where  Cij=Cji)- 

Idealized  thin  laminate  theory  neglects  stress  and  strain  in 
the  ±z  direction;  the  equations  are  reduced  to  plane  strain  and 
stress,  further  contracting  the  elastic  constant  tensor  to  a 
third-order  symmetric  matrix.  In  orthotropic  systems  (axes  at 
right  angles  to  each  other)  the  "1“  direction  is  the  principal 
fiber  direction  (or  the  direction  with  the  highest  elastic  modu¬ 
lus),  ''2"  is  90*  to  it  and  "e"  is  the  shear  in  the  1-2  plane. 


j=l,2,.6 


(3.4) 


The  matrix  [Q]  is  termed  the  reduced  laminate  stiffness  matrix,  is 
symmetric  eind  is  related  to  [C]  by: 


(i.l-  1,2,6)  (3.5) 

^33 

The  matrix  [Q]  may  be  expressed  explicitly  in  terms  of  modulii 
and  Poisson's  ratios: 


^  "  *^12  *^21 


*^12  ®2 


^  ■  *^12  ^21 


Qll  = 


Qi2  “ 


(3.6) 


h 


CQ'J  =  [T^]  [Q]  (3.10) 

A  laminats  is  built  from  the  stacking  of  a  number  of  these  rotated 
plies.  The  designer  may  easily  tailor  the  laminate  using  various 
ply  thicknesses  and  orientations. 

The  integration  of  each  ply's  £Q‘3  matrix  through  the  laminate 
thickness  (h)  gives  the  normalized  inplane  stiffness  matrix: 


[A] 


/h/2 

[O']  dz 
-h/2 


(3.11) 


Stress  and  moment  resultants  are  defined  by  integrating  stress 
through  the  laminate  thickness: 


|N| 
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h/2 

{O  f  dz 
h/2 


(3.12) 
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h/2 


z  dz. 


(3.13) 


The  stress  resultant  vector  |n|  is  related  to  the  strain 
vector  I  £  f  by  the  laminate  inplane  stiffness  matrix  [A]  in 
equation  3.14; 
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(3.14) 


The  laminate,  while  thin,  demonstrates  resistance  to  bending 
governed  by  the  ply  stiffness  and  the  square  of  the  distance  from 
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the  midplane  (+z)'^.  Integrating  through  the  laminate’s  thickness: 

h/2 


C 


CQ' 
-h/2 


]  XT  dz. 


(3.15) 


Laminates  with  unsymmetric  layups  (where  opposing  plies  at  ±z 
do  not  have  identical  thickness,  properties  and  principal  axis 
orientation)  exhibit  coupling  between  strain  and  curvature  (k). 
This  follows  since  each  side  of  the  midplane  exhibits  different 
material  properties.  Any  applied  inplane  stress  will  induce  some 
curvature.  The  bending-extension  coupling  matrix  [B]  is: 


h/2 


[B]  = 


CQ' 

-h/2 


]  z  dz 


(3.16) 


It  follows,  therefore,  that  in  perfectly  symmetric  laminates  [B] 
must  evaluate  to  zero. 

The  combined  bending-extension  properties  of  a  laminated  plate 
can  be  expressed  as  a  sixth-order  symmetric  matrix  which  relates 
stress  and  moment  resultants  to  strain  and  curvature: 


N 

A  B 

'm 

" 

B  D 

_  — 

(3.17) 


1.  Laminate  Properties 

LMSC  provided  the  initial  data  on  material  properties  of 
cured  HMF330C/34  G/Ep  fabric.  In  order  to  validate  it  for  this 
program,  a  solid  panel  (PX00),  one  without  the  1.00  inch  cutout, 
was  manufactured  and  tested.  The  laminate  material  properties 


required  slight  revision  (less  than  4%)  to  match  the  the  actual 
response  of  the  solid  panels  to  loading.  These  results  are 
discussed  in  detail  in  Section  V.B.l.  The  [0,±45, 90,corejg  solid 
laminate  exhibited  different  modulii  in  tension  and  compression. 

In  addition,  it  exhibited  a  slightly  nonlinear  stress-strain  curve 
in  coii^jression  (see  Table  VI  aind  Figure  5.4).  The  elastic  modulus 
parallel  to  the  applied  load  (principal  modulus,  Ey)  varied  from 
7.3  to  6.5*10°  psi  as  the  applied  load  varied  from  0  to  panel 
failure  at  -57  ksi;  as  the  load  increased  the  panel  stiffness 
monotonical ly  decreased.  This  characteristic  is  most  probably  due 
to  the  woven  plies  (Figure  2.2)  compressing  within  the  elastic 
matrix,  but  it  was  not  further  investigated. 

The  finite  elements  chosen  for  this  analysis  assumed 
linear  elastic  material  properties.  Nonlinear  analysis  was 
possible  using  different  elements,  but  would  have  yielded  little 
more  accuracy  at  a  tremendous  increase  in  computation  time.  At  an 
applied  far-field  stress  (o  „)  of  -10.0  ksi  the  stress  induced  in 
an  unreinforced  quasi-isotropic  panel  with  a  cutout  varies  from 
-10  to  -30  Ksi  and  thus  Ey  would  vary  from  7.46  to  about  6.95  msi. 
Since  the  compressive  stress  field  and  thus  the  material  proper¬ 
ties  vary  continuously  over  a  panel  with  a  cutout,  it  became 
necessary  to  select  one  principal  modulus,  indeed,  all  the 
material  constants  (Ej^,  E2,  ^12  *^21^ 

FEA.  The  material  properties  listed  in  Table  III  are  valid  (at 
70'’F)  throughout  the  range  of  tension  but  in  coirpression  they  are 
exact  only  at  -15  ksi;  for  other  values  they  are  approximate  but 
introduce  only  a  small  error. 

Jones  [Ref.  40;  pp.  16-21]  discussed  the  bimodulus 
phenomenon  and  proposed  an  improved  analysis  method  he  called  the 
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TABLE  III 

PROPERTIES  OF  HMP330C/34  CLOTH  G/EP 


Tension 

Compression 

Shear 

Poisson  ratio 
Thickness 


10.9x10'^  psi 

^2* 

10.3x10' 

10.2x10^  psi 

^2* 

9.6x10 

1.0x10^  psi 

0.  09 

1^21: 

0.  09 

0.  014  inch  (fully  cured  ply) 

TABLE  IV 

LAMINATE  STRESS  RESULTANT  AND  MOMENT  PROPERTIES 
(COMPRESSION) 


A  MATRIX 

8.876E+05 

2.212E+05 

1.362E-01 

2.212E+05 

8.876E+05 

-1.467E-01 

1.362E-01 

-1.467E-01 

3.334E+05 

B  MATRIX 

6.250E-02 

0.0 

1.221S-04 

0.0 

6.250E-02 

1 . 221E-04 

1.221E-04 

1.221E-04 

5.078E-02 

D  MATRIX 

6.907E+04 

1.711E+04 

3.270E+01 

1.711E+04 

6.868E-K)4 

3.268E+01 

3.270E+01 

3 . 268E+01 

2.580E+04 

weighted  corr^Jliance  matrix.  If  a  more  con^jlete  auiaalysis  is 
required,  this  model  should  be  considered. 

The  bending-extension  matrices  (Eqn.  3.17)  were  calculated 
using  conventional  thin  laminate  analysis  (based  on  experimentally 
derived  material  properties)  for  the  HMP330C/34  [0,i45,90,corejg 
laminate  in  compression.  The  results  (the  [A],  [B]  and  [D] 
matrices)  are  listed  in  Table  IV. 

The  symmetry  of  the  basic  laminate  is  apparent  frcxn  the 
magnitude  of  the  [B]  matrix  particularly  in  relation  to  [A]  and 
CD].  The  reinforced  laminate  also  had  [B]  =  0  since  it  was 
symmetric.  The  very  small  relative  values  of  the  elements  of  the 
[B]  matrix  (as  well  as  elements  A^j^,  A32/  and  A23)  are  more 
due  to  round-off  error  in  the  computer,  using  single  precision 
numbers,  than  an  indication  of  an  unsymmetric  layup. 

Pipes  [Ref.  37  j  pp.  5-4]  notes  that  when  analyzing  com¬ 
posite  laminates  it  is  often  more  convenient  to  treat  than  as 
hcxnogeneous  plates.  For  symmetric  laminates  it  is  possible  to 
express  orthotropic  material  constants  in  terras  of  the  inplane 
stiffness  matrix  [A].  The  l^^Ilinate  material  properties  may  be 
determined  in  the  X-Y  plane  from  [A]  using  equations  3.18  through 
3.22. 


^x  =  ^Mi^22 

-  A22)/(h  *  A22) 

(3.18) 

Ey  *  (Aii*A22 

-  Af2)/(h  *  A^j^) 

(3.19) 

*'xy  “  ^11/^22 

(3.20) 

*'yx  “  ^12/^11 

(3.21) 

^yx  “ 

(3.22) 

Table  V  lists  the  (experimentally  derived)  panel  material 


properties  at  -15.0  ksi.  For  the  purpose  of  linear  elastic 
analysis  these  are  assumed  to  be  constant  over  tne  stress  field 
for  the  particular  laminate  at  any  load.  When  these  moduli!  were 
used  in  the  finite  element  analysis  C^n  "  -10.0  ksi)  the  maximum 
error  in  strain  at  any  point  in  the  field  was  less  than  +3%. 

B.  liESlEAR  ELASTIC  STRESS  FIEU)  SOLUTION 

Savin  [Ref  7:  Chapt.  II]  gives  a  solution  for  the  stress 
distribution  in  various  anisotropic  plates  and  beams  with  cutouts. 
Garbo  and  Ogonowski  [Refs.  8  and  41]  coded  the  solutions  in 
FORTRAN  for  the  case  of  a  for  the  case  of  a  thin,  infinite-width 
orthotropic  plate  with  a  circular  cutout.  Their  program,  revised 
by  the  author  for  the  IBM  370,  is  listed  in  Appendix  P. 

TABLE  V 

MATERIAL  PROPERTIES  OF  THE  LAMINATES 


Layup 

Plies 

^x 

°xy 

^  xy 

SCF 

[0,+45,90,c]g 

8 

7.28 

7.28 

2.78 

0.321 

3.00 

[02,±45,90,G]g 

10 

7.94 

7.79 

2.40 

0.269 

3.19 

[03,+45,90,c] 

12 

8.36 

8.11 

2.17 

0.236 

3.33 

(Moduli!  *10^  psi) 


Note:  The  0.50"  thick  honeyconb  core  (c)  had  no  effect  on  the 
inplane  moduli!.  The  panel  had  an  8  ply  layup  except  under 
the  reinforcement.  The  10  and  12  ply  layup  gives  the  mater¬ 
ial  properties  under  the  one  and  two  ply  reinforcement. 


The  general  biharmonic  equation  for  an  orthotropic  material  is 
given  in  Equation  3.24.  The  S  coefficients  are  members  of  the 
third  order  laminate  compliance  matrix  [S],  the  inverse  of  [A]; 


■  e}  =  [s]  |N 


(3.23) 


a^F 


3x^  3 


S22-^  -  2326  a;3  ^  ^ 


3x2 


a^F  34p 

^^26ax3Y2'  "■  dY^ 


=  0 


(3.24) 


Based  on  the  original  research  by  Savin  [Ref.  7],  Garbo  and 
Ogonowski  point  out  that  the  stress  function  F  depends  upon  the 
roots  of  the  associated  characteristic  equation: 


F  =  2ReCFj^(Zj^)  +  F2(Z2)]. 


(3.25) 


F2^(Z2^)  and  F2(Z2)  are  the  analytic  functions  of  the  cortplex  vari¬ 
ables  Zj^  =  X  +  Ri^Y  and  Z2  =  X  +  R2Y  where  R^^  and  R2  are  the 
conplex  roots  of  the  characteristic  equation.  The  expressions  for 
the  three  inplane  stresses  are: 


=  2ReCRj0i(Zi)  +  R§0^(Z2)] 
Oy  =  2ReC0i(Zi)  +  0^(Z2)] 
a^y  =  -2ReCRj^  0i{Zj^)  +  R2  02(Z2)^ 
The  functions  02^(Z2^)  and  02 (Z2)  are  defined: 


(3.26) 

(3.27) 

(3.28) 


9F(Zi) 

3zj^ 
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2(22) 


3f(Z2) 

3Z2 


(3.29) 


These  equations  have  been  slightly  modified  from  their 
original  form  in  order  to  apply  in  this  report  where  there  is  no 
internal  load  on  the  hole.  For  a  full  development  and  explanation 


of  the  equations,  the" reader  should  refer  to  Garbo  [Ref.  41;  p. 
536]  or  Savin  [Ref.  7]. 


C.  FINITE  ELEMENT  ANALYSIS 

Finite-width  and  reinforcement  effects  cannot  be  addressed 
using  these  two  methods  because  of  the  discontinuities  in  thick¬ 
ness  and  material  properties  at  the  edge  of  the  reinforcement. 
Finite  element  analysis  has  demonstrated  its  ability  to  accurately 
analyze  the  majority  of  problems  in  elasticity.  The  quality  of 
the  solution  is,  however,  dependent  on  the  size  of  both  the 
available  computer  core  memory  eind  the  analysis  budget,  since  the 
quality  and  cost  of  the  solution  are  functions  of  the  fineness  of 
the  element  mesh.  The  solution  time  and  cost  increase  at  least 
with  the  cube  of  the  degrees  of  nodal  freedom  (DOF)  in  the  model 
[Ref.  42;  pp.  391-402].  In  a  full  three-dimensional  analysis  each 
element  node  point  may  be  displaced  in  the  X,  Y  and  Z  directions 
and  also  rotated  about  each  of  the  three  axes.  Thus  there  are  six 
possible  DOF  per  node;  three  displacements  and  three  rotations. 

The  dimension  of  the  stiffness  matrix  is  the  sum  of  the  degrees  of 
freedom  at  each  node  point  in  the  model. 

The  structural  finite  element  analysis  method,  in  its  sin^lest 
form,  is  the  determination  of  the  relationship  between  the  load  on 
and  the  displacements  in  a  body.  The  two  are  related  by  the 
stiffness  characteristics  of  the  body.  The  body  is  divided  into  a 
number  of  smaller  volumes  (or  areas)  termed  elements,  each  element 
is  then  assigned  a  local  "stiffness”  and  these  are  then  conbined 
in  matrix  form  to  establish  their  inter-relation.  The  result  is 
termed  the  stiffness  matrix  [K].  Each  element  is  made  up  of  nodes 
at  its  corner  points  which  can  be  fixed,  at  which  a  force  can  act 
and  which  can  deflect  if  not  fixed.  The  vector  of  forces  |f| 

58 


■.■vW 


w.y, 


acting  on  each  node  equals  the  product  of  [K]  and  the  vector  of 
def 1 ections  | 5  f • 


jFf  =  CK3j5}  (3.30) 

Since  the  forces  are  generally  known  and  it  is  the  displace¬ 
ments  which  are  desired,  the  stiffness  matrix  must  be  inverted; 

j6f=  CK]-i{Ff  (3.31) 

The  order  of  the  [K]  matrix  is  determined  by  the  sum  of  nodal 
degrees  of  freedom.  The  matrix  inversion  to  [K]“^  is  not  a 
trivial  computational  task  in  any  realistic  finite  element  model. 

The  art  in  FEA  is  in  defining  a  mesh  fine  enough  to  give 
adequate  solution  accuracy  while  suppressing  as  many  DOF  as 
possible  to  keep  the  cost  of  solution  within  reason.  Zienkiewicz, 
in  his  excellent  text  on  the  subject  [Ref.  43],  covers  this  method 
of  structural  analysis  in  some  depth. 

1.  DIAL  finite  Element  Program 

A  finite  element  analysis  program  named  DIAL  as  well  as  a 
significant  allocation  of  con^JUter  time  on  a  Digital  Equipment 
Corporation  VAX  11/780  was  made  available  by  LMSC  for  this  re¬ 
search.  DIAL  is  a  flexible,  general  purpose  finite  element  code 
for  the  analysis  of  two-  and  three-dimensional  structures.  It  has 
a  modular  architecture  in  which  individual  subprograms  are  exe¬ 
cuted  as  the  model  is  being  defined,  the  mesh  generated,  the 
equation  bandwidth  optimized  and  the  solution  found.  As  each 
subprogram  (called  a  "processor”)  is  executed,  it  extracts  re¬ 
quired  data  from  a  data  base,  processes  it,  updates  the  solution 
and  adds  to  the  data  base.  This  architecture  provides  an 
invaluaole  restart  capability  at  the  last  successful  process  which 


can  significantly  conserve  analysis  time  [Ref.  44].  The  following 
DIAL  processors  were  used  in  the  linear  elastic  analysis  of  the 
experimental  test  panels: 

*  MESH  The  geometric  grid  of  elements  to  be  analyzed, 
called  a  mesh,  is  generated  by  specifying  points  coincident  with 
the  quadralateral  element  corner  nodes  in  an  orthogonal  I-J 
coordinate  system.  Certain  points  key  in  the  I-J  system  are  then 
givenlocations  in  the  X-Y  plane  and  the  MESH  processor  automatically 
maps  appropriately  shaped  elements.  Figure  3.1  show  a  typical 
element  mesh.  The  processor  allows  partial  meshes  to  be  generated 
individually  and  then  merged  to  each  other  creating  a  larger 
model.  The  heavy  lines  in  Figure  3.1  outline  these.  Building  a 
con^lete  FEA  model  from  a  series  of  smaller  partial  meshes  reduces 
the  manhours  required  to  generate  the  model  and  allows  more 
complex  geometry.  Merging  adjacent  partial  meshes  eliminates  any 
redundant  nodes  and  degrees  of  freedom.  The  panel  models  for  this 
analysis  used  from  three  to  five  partial  meshes.  BoundcUT^  condi¬ 
tions  are  specified  auid  DOF  suppressed  within  the  MESH  processor 

to  adequately  simulate  the  structure. 

*  BAtO)  It  is  not  necessary  to  store  the  entire  finite 
element  stiffness  matrix;  the  Betti-Maxwe 1 1  reciprocal  theorem 
requires  that  the  stiffness  matrix  must  be  symmetric.  It  can  be 
decomposed  into  a  lower  and  upper  triangular  matrix,  recovering 
almost  half  the  memory  or  storage  area  originally  required. 

Further  improvement  caui  be  gained  by  reordering  the  node  numbers 
to  optimize  the  matrix  bandwidth  and  storing  it  using  the 
"skyline"  method.  BAND  offers  a  number  of  options  to  do  this 
including  Collin's  and  the  Gibbs-Poole-Stockmeyer  algorithms. 


*  SETUP  The  undeformed  finite  element  data  sets  are 
generated  and  a  series  of  error  checks  are  done  verifying  the 
element  grid. 

*  MATL  The  material  properties  of  each  ply  are  defined 
in  MATL.  The  processor  uses  classical  laminate  theory  to  compute 
the  bending-extensional  properties.  The  strength  of  the  processor 
architecture  now  becomes  apparent.  It  possible  to  vary  the 
material  properties  of  the  model  without  regenerating  the  complete 
element  mesh,  optimizing  the  band  width  or  generating  new  element 
data  sets. 

*  l^AO  The  LOAD  processor  generates  consistent  load 
vectors  for  any  combination  of  pressure,  traction,  body  forces, 
inertia  loads  and  temperature  variations.  It  allows  the  variation 
of  loads  without  regeneration  of  the  stiffness  matrix. 

*  DIAL  The  nodal  deflection  analysis  and  stress-strain 
computation  is  done  within  the  DIAL  processor.  It  uses  the  total 
Lagrangian  formulation  method  to  handle  geometric  nonlinearities. 
FORTRAN  double  precision  representation  (64  bit)  and  sequential 
improvement  to  convergence  was  used  to  increase  the  accuracy  of 
the  solution.  This  insured  the  best  possible  solution  but 
increased  the  equation  solution  time  by  a  factor  of  about  eight. 
The  effect  of  using  double  precision  and  convergence  can  be  seen 
in  the  figures  in  Appendices  A-N  where  shear  strain  is  resolved  to 
as  low  as  +0.003%  of  the  value  of  Ey.  long  the  X  axis. 

*  6E0M  The  data  generated  by  even  a  small  model  is 
extensive  and  difficult  to  evaluate  in  tabular  form.  DIAL  pro¬ 
vides  an  extensive  array  of  post-processing  choices  to  present  the 
data  in  graphical  or  tabular  form.  GEOM  generated  the  strain 
contours  for  each  panel  which  are  presented  in  the  appendices  as 
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failure  mode  of  some  of  the  specimens  (panels  RR22,  RR42,  RR51, 
EIS51  &  RH31).  This  type  of  stability  failure  could  not  be 
predicted  employing  two-dimensional  analysis  only.  It  was  postu¬ 
lated  that  the  [0,±45,90]  facesheet  layup  or  the  L02»±45,90]  (or 
C02»±45,90])  reinforcement  could  be  generating  sufficient  out-of- 
plane  (+z)  forces  to  teeu:  the  facesheet  away  from  the  core. 

To  answer  the  question,  a  three-dimensional  analysis  using 
thick  shell  elements  representing  the  facesheet,  combined  with 
isoparametric  solid  elements,  representing  the  honeycomb  core,  for 
a  3-D  analysis.  These  results  (for  panel  RR22)  are  given  in 
Appendix  O  (results  showed  no  significant  out-of-plane  stress). 
While  DIAL  can  handle  a  2-D  element  with  an  aspect  ratio  (length/ 
width)  up  to  20  with  little  loss  in  accuracy,  an  effort  was  made 
to  keep  this  ratio  below  three.  At  high  aspect  ratios  the  inter¬ 
polation  assiamptions  within  each  element  are  no  longer  valid.  The 
meshes  employed  were  also  designed  to  keep  interior  element  angles 
as  close  to  90*  as  possible,  again  to  increase  the  accuracy  of  the 
solution.  Figure  3.2  shows  the  elements  (numbered  from  1  to  30) 
and  node  points  (numbered  from  1  to  117)  next  to  the  cutout. 

These  elements'  dimensions  remained  unchanged  (except  for  the 
added  reinforcement  thickness)  for  each  model,  allowing  direct 
comparison  among  reinforcing  configurations  in  the  region  near  the 
cutout.  Since  the  plate  was  symmetric  about  all  three  axes  only 
the  upper  right  quadrant  of  each  specimen  was  modeled. 

In  the  experimental  fixture,  the  ccxnpressive  load  was 
applied  to  each  8.50"  wide  specimen  using  clamps  8.00  inches  wide. 
The  outside  edges  of  each  panel  had  1/4  of  an  inch  inside  a  slot 
in  the  vertical  member  which  could  not  be  loaded.  To  simulate  a 
-10  ksi  far-field  load  in  the  FEA  model  a  constant  line  load  |n| 
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of  -1,120  Ib/in  was  applied  to  the  0.112  inch  thick  plate 
(neglecting  the  core).  The  effect  of  modeling  the  test  fixture 
can  be  seen  in  the  quarter-panel  contour  plots  in  the  appendices 
(for  example  Figure  A.4);  there  is  an  obvious  stress  concentration 
in  the  upper  right-hand  corner  of  the  panel.  The  effects  of  this 
stress  concentration  die  out  rapidly  as  the  distance  into  the 
panel  from  the  line  of  load  application  increases. 

3.  Interpreting  Finite  Element  Analysis  Results 

DIAL,  like  most  finite  element  programs,  produces 
voluminous  data  files  giving  the  stress,  strain  and  displacement 
at  each  element's  integration  points.  Meaningful  comparison  of 
these  files  among  the  various  panel  configurations  would  be 
tedious  as  well  as  unenlightening.  The  items  of  interest  were  the 
distribution  of  stress  along  the  X  axis  and  around  the  cutout  and 
the  strain  fields  on  each  panel  resulting  from  the  reinforcement. 
Graphical  comparison  was  chosen  as  the  best  method  both  to  present 
and  to  compare  the  panels. 

The  results  from  tests  of  each  of  the  14  test  specimens 
with  a  cutout  is  presented  in  individual  appendices  (A  through  £I). 
Each  configuration  has  a  plot  of  the  element  mesh  and  a  comparison 
of  strain  both  along  the  X  axis  and  around  the  hole  under  a  far- 
field  normal  stress  load  of  -10  ksi.  In  addition,  strain  contours 
for  =  -10  ksi  are  shown  for  each  panel  ’  s  upper  right  quadrant 
and  for  the  region  neeir  the  cutout.  Experimental  data  are 
correlated  with  the  finite  element  analysis  for  each  panel. 

A  plot  of  a  deflected  element  mesh  is  presented  in  Figures 
3.3  and  3.4  to  illustrate  the  analytical  and  experimental  Doundary 
conditions  imposed  on  the  test  panels.  Figure  3.3  shows  the 
entire  upper  right  quadrant  of  the  panel.  Figure  3.4  shows  the 


elements  close  to  the  cutout.  The  dashed  lines  represent  the 
outlines  of  the  elements  prior  to  the  application  of  the  load. 

The  solid  lines  show  the  elements  in  the  panel  compressed  under  a 
-10  ksi  load.  The  deflections  shown  are,  of  course,  an 
exaggeration  of  those  actually  present  in  the  panel,  but  they  are 
accurate  representation  in  relative  scale. 


The  boundary  conditions  imposed  on  the  quarter  peuiel  are 
clear:  the  X  axis,  representing  the  longitudinal  bisection  of  the 


In  Figure  3.3  the  top  edge  of  the  panel  has  a  slight  slope 
upward  as  X  increases  from  0.0  to  4.25“.  This  is  the  result  of 
applying  a  constant  stress  boundary  condition  along  the  edge 
rather  than  constant  displacement,  which  would  more  closely  model 
tile  experimental  apparatus.  This  tends  to  slightly  increase  the 
SCF  at  the  hole  because  the  panel  finite  element  model  appears 
somewhat  less  stiff  directly  above  the  cutout  than  the  solid 
portion. 

A  test  case  using  constant  displacement  boundary  condi¬ 
tions,  which  closely  approximated  the  experimental  setup,  produced 
less  than  a  0.5%  increase  in  the  SCF.  Since  each  panel  has  a 
slightly  different  stiffness  in  the  Y  direction,  it  would  have 
been  exceptionally  difficult  to  inpose  an  identical  load  on  each 
for  comparison. 

Hong  and  Crews  [Ref.  25:  pp.  4-6]  reported  significant 
differences  in  results  between  constant  stress  and  constcuit 
displacement  boundary  conditions.  In  the  final  analysis,  the 
researcher,  understanding  the  differences  and  the  compromises, 
must  choose  the  model  best  suited  to  his  work. 


IV.  EXPERIMENTAL  ANALYSIS 


A  program  of  experimental  verification  was  developed  in  order 
to  determine  if  the  analytical  results  of  the  finite  element 
analysis  represented  the  actual  strain  field.  Each  reinforcement 
geometry  previously  described  was  manufactured,  instrumented  and 
tested. 

A.  TEST  SPECIMEN  MANUFACTURE 

The  test  panels  were  manufactured  by  Lockheed  Missiles  and 
Space  Compciny  using  methods  similar  to  those  for  verification  of 
Trident  missile  structures-  The  initial  uncured  prepreg  plies  of 
HMF330C/34  cloth  G/Ep  were  laid  up  on  a  stainless  steel  plate  in  a 
4  ply  (C0,+45,90])  facesheet.  A  precut  uncured  reinforcement  (one 
or  two  plies)  was  then  placed  in  position  on  the  top  of  the 
uncured  layup  and  retained  in  place  by  a  small  pin.  Two  identical 
facesheets  were  made  for  each  geometry.  A  standard  "bagging” 
process  and  cure  cycle  for  the  350*F  (450®K)  Fiberite  934  epoxy 
prepreg  was  used.  This  included  a  hold  in  the  autoclave  at  360 
+10®F  (455  +5®K)  for  two  hours.  Using  acid  digestion  techniques 
this  cycle  typically  yields  a  fiber  volume  of  62  +2%  and  a  void 
content  less  than  1%.  One  facesheet  was  joined  and  cured  to  a 
0.50  inch  thick  Hexel  fiberglass/phenolic  honeycomb  sheet  using  3M 
Inc.'s  AF-126  (250®F  curing  temperature)  film  adhesive  (known  as 
"Blue  Glue").  Once  the  first  facesheet  and  honeycomb  had  been 
bonded  an  aluminum/ epoxy  potting  compound  was  poured  into  the 
honeycomb  cells  within  i.25  inches  of  each  end.  The  aluminum/ 
epoxy  potting  compound  provided  dimensional  stability  for  the 


panel,  assisted  the  load  transfer  and  prevented  crushing  the 
honeycomb  in  the  panel  ends  when  they  were  clamped  into  the 
compression  test  frame.  The  second  facesheet  was  then  joined  and 
the  now  complete  rough  panel  put  through  a  third  and  final  cure 
cycle.  The  panel  configuration,  excluding  the  one  or  two  ply  0° 
reinforcement,  became  C 0 , ±45 , 90 , core! g.  The  core's  elastic 
modulii  in  the  X  and  Y  directions  were  virtually  nil  and  did  not 
contribute  to  the  panel ' s  inplane  stiffness. 

The  center  of  the  reinforcement  was  marked  and  a  starter  hole 
drilled  with  a  No.  4  carbide-tipped  steel  drill  rotating  at 
approximately  2200  rpm.  The  hole  was  enlarged  in  steps  using  0.50 
cind  0.75  inch  diameter  carbide-tipped  drill  bits.  The  final  1.00 
inch  finished  hole  was  cut  using  a  carbide-tipped  boring  head 
rotating  at  1600  rpm  moving  in  depth  at  0.0015"  per  revolution. 
This  method  provided  a  very  smooth  and  almost  perfectly  circular 
cutout.  Each  facesheet  was  drilled  using  stiff  fiberglass  sheets 
as  backing  to  minimize  the  breaking  of  fibers  on  the  bottom  ply 
when  the  drill  bit  broke  through.  Fiberglass  tabs  (8.0"  x  1.0"  x 
0.25")  were  applied  on  both  sides  at  either  end  to  provide  for 
load  transfer  from  the  test  frame  into  the  panel.  The  rough  panel 
was  then  cut  to  the  specified  size  (8.50"  x  10.00")  using  a 
diamond- coated  circular  saw.  Great  care  was  taken  to  both  keep 
tne  cutout  in  the  center  of  the  panel  and  to  insure  the  two  edges 
to  be  loaded  were  parallel.  The  general  dimensions  of  the 
specimens  are  shown  in  Figure  4.1. 

B.  TEST  APPARATUS  AND  PROCEDURES 

In  compression,  much  more  so  than  tension,  lack  of  attention 
to  maintaining  proper  boundary  conditions  can  quickly  invalidate 
experimental  results.  Great  care  was  taken  in  the  design  and 
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construction  of  the  test  frame  to  insure  that  it  was  extremely 
stiff,  that  the  conpression  surfaces  were  parallel  and  that  they 
would  remain  so  during  the  entire  compression  sequence. 


1.  Test  Apparatus 

a.  Load  Application 

A  Material  Test  System  (MTS)  Series  810  hydraulic  test 
machine  was  used  produce  the  compressive  loading.  The  compression 
test  frame  was  designed  to  be  strong  enough  to  utilize  the  100,000 
lb.  maximum  load  of  the  MTS  machine.  It  consisted  of  a  fixed 
horizontal  base  and  vertical  side  posts  and  a  sliding  horizontal 
top  cross  member.  Both  horizontal  members  were  machined  from 
7075-T6  aircraft-grade  aluminum.  The  vertical  posts  were  turned 
to  a  diameter  of  2.000"  fran  diameter  mild  steel  bar  stock.  The 
horizontal  members  were  fitted  with  a  meeuis  of  clamping  the  test 
specimens.  Each  had  a  0.250"  thick  tempered  tool  steel  base  plate 
positioned  to  transfer  the  conpressive  load  into  the  test  specimen 
and  to  prevent  damage  to  the  surface  of  the  aluminum  frame.  These 
load  plates  were  carefully  adjusted  during  installation  to  ensure 
that  they  were  parallel  within  a  tolerance  of  +0.0005  inch. 

A  0.614  +0.001"  slot  was  milled  in  both  steel  vertical 
members  to  acconmodate  the  panel  and  to  allow  sane  vertical 
movement  while  preventing  out-of-plane  deflection.  The  lower 
horizontal  member  was  held  fixed  relative  to  the  frame  while  the 
top  one  was  allowed  to  slide  vertically.  Bronze  bushings  were 
pressed  into  the  upper  and  lower  frame  members  and  then  machined 
to  within  a  +0.001"  tolerance.  The  vertical  posts'  ends  were 
fitted  into  these  bushings.  A  special  effort  was  made  during  the 
design  and  manufacture  of  the  test  frame  to  keep  tolerances  as 


small  as  possible  to  maintain  proper  and  repeatable  test  boundary 
conditions . 


Figure  4.2  shows  some  details  of  the  compression  test 
frame.  The  following  numbers  indicate  some  of  the  parts  and 
features  of  the  frame  and  correspond  to  the  numbers  in  Figure  4.2: 
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Tendered  tool  steel  conpression  support  plate. 
Bottom  horizontal  frame  member. 

Vertical  steel  post. 

Slot  to  hold  edge  of  the  test  specimen. 

Bronze  bushing. 


The  test  frame  was  allowed  to  "float"  in  the  MTS 
machine.  Steel  bearing  surfaces  were  fitted  to  the  top  and  bottom 
which  allowed  the  test  fixture  to  slide  parallel  to  the  floor  for 
centering.  These  also  eliminated  the  possibility  of  transfer  of 
any  moments  from  the  MTS  machine  to  the  frame.  Each  steel  bearing 
block  was  made  of  three  pieces:  one  threaded  to  mate  to  the  MTS 
moving  piston,  a  circular  2.000"  diameter  lubricated  cylindrical 
bearing  and  one  threaded  to  mate  with  the  test  freune.  Figure  4.3 
show  the  test  frame  positioned  in  the  MTS  for  a  test.  The  bearing 
blocks  cam  be  seen  in  the  figure  between  the  test  frame  amd  the 
machine . 

b.  Strain  Measurement  Equipment 

A  Vishay  Measurements  Group,  Inc  System  4000,  shown  in 
Figure  4.4,  was  used  to  record  the  strain  gage  indications.  It 
consisted  of  a  Hewlett-Packard  9825B  microconputer  linked  through  a 
Measurements  Group,  Inc.,  Instrument  Division  Model  4200 


controller  to  Model  4270  strain  gage  scanners.  Integral  software 
provided  for  gage  identification,  calibration  and  strain  reading, 
conversion  and  printing.  The  entire  experimental  test  station  is 
shown  in  Figure  4.5. 

2.  Instrumentation  Procedures 

Each  panel  was  instrumented  with  a  variety  of  strain  gages 
principally  located  along  the  X  axis  and  oriented  in  the  Y 
direction.  The  primary  purpose  of  the  reinforcement  was  to  reduce 
the  maximum  strain,  and  thus  the  SCF,  at  the  edge  of  the  hole  90® 
to  the  applied  load.  The  0.50  inch  honeycomb  core  was  used  to 
eliminate  panel  buckling.  The  panel  was  designed  to  maintain,  as 
closely  as  possible,  equal  strain  on  opposite  facesheets.  The 
gages  were  located  on  either  side  of  the  hole,  but  on  only  one 
facesheet.  In  retrospect,  gages  on  both  sides  of  the  cutout  on 
both  facesheets  would  have  given  additional  insight  into  the 
failure  mechanisms. 

The  choice  of  strain  gages  was  based  on  the  strain 
gradient  near  the  cutout,  the  panel  strain  field  and  the  heat 
transfer  properties  of  the  G/Ep  panel. 

a.  Measurement  of  Strain  Near  a  Cutout 

The  measurement  of  strain  near  a  cutout  in  the 
presence  of  very  high  strain  gradients  is  not  a  straight-forward 
exercise.  Reference  45  points  out  that  an  electrical  gage 
effectively  integrates  the  strain  field  under  its  grid.  When  that 
field  changes  very  rapidly  the  accuracy  of  the  measurement  can  be 
strongly  affected.  The  typical  strain  field  studied  here  demon¬ 
strated  gradients  as  high  as  16,000  microstrain  per  inch  within 
0.025"  of  the  cutout  at  -10.0  ksi  far-field  load. 


As  recommended  by  Ref.  45,  a  number  of  techniques  were 
used  to  accurately  measure  the  strain  field  along  the  X  axis.  The 
smallest  possible  gages  were  chosen  for  use  for  next  to  the 
cutout;  a  series  of  in-line  gages  close  to  the  hole  gave  strain 
gradient  data.  Special  care  was  taken  to  accurately  measure  the 
position  of  each  gage.  A  Rockwell  Corp.  electronic,  digital- 
readout  gurney  gave  the  gage  center  location  to  within  +0.002 
inch.  This  resulted,  at  the  -10.0  ksi  test  point,  in  about  +30 
microstrain  or  +1%  maximum  uncertainty  in  strain  due  to  gage 
position  error. 

b.  Strain  Gage  Excitation  Level 

Strain  gages  require  some  electrical  excitation  to 
allow  measurement  of  the  change  in  resistance  in  the  gage  grid 
caused  by  tension  or  compression.  This  results  in  some  degree  of 
resistive  self-heating  within  the  grid.  This  self-heating  charac¬ 
teristic  can  cause  significant  drift  in  indicated  strain  froin  the 
true  value.  When  measuring  strain  in  most  metals,  there  is  little 
heat  buildup  due  to  their  superior  heat  transfer  characteristics. 
What  little  there  is  can  usually  allowed  for  by  self- temperature- 
compensation  (STC)  in  the  gage.  STC  requires  the  matching  of 
coefficients  of  thermal  expansion  {  a )  of  the  gage  and  the 
specimen.  The  heat  transfer  characteristic  of  G/Ep  is  low 
compared  to  metals:  The  temperature  under  a  gage  can  rise  enough 
to  invalidate  the  indicated  strain  reading. 

Reference  46  recommends  a  maximum  power  density  of 
0.1-0. 2  watt/in^  for  materials  with  low  thermal  conductivity  such 
as  G/Ep.  Power  density  (PD,  watts/in^)  is  a  function  of  gage 
active  grid  area  (A,  in  ),  gage  resistance  (R,  ohms),  and  gage 
excitation  level  (E,  volts)  according  to  the  relation: 


PD  =  E/(4*R*A). 


(4.1) 


A  typical  120  J2  ,  0.040  in^  gage  at  5.0  volts  excita¬ 
tion  has  a  PD  of  1.3  watt/in^  As  noted  above,  gages  with  a  small 
grid  area  were  necessary  to  accurately  measure  high-gradient 
strain.  A  Measurements  Group,  Inc.  EA-XX-030CM-030  gage  (A  = 
0.0025  in^)  [Ref.  47:  p.  7L]  which  could  meet  the  size  require- 
ments  has  a  PD  in  excess  of  21  watts/ in  . 

Clearly,  high  strain  gradients  and  conposite  materials 
require  extreme  care  in  selecting  and  using  strain  gages.  A 
combination  of  lower  them  usual  excitation  levels  and  higher  gage 
resistance  were  used  too  in  this  research,  where  required,  to  keep 
the  power  density  within  acceptable  limits. 

c.  Strain  Gage  Application 

Gages  were  applied  to  the  panels  one  facesheet 
on  either  side  of  the  cutout  along  the  X  axis.  They  were  applied 
in  accordcince  with  the  mainufacturer' s  reccxnmended  procedures 
[Refs.  48  through  51]  using  M-Bond  200  adhesive.  Figure  4.6  shows 
a  typical  strain  gage  layout  on  a  test  panel.  It  should  be  noted 
that,  although  similar,  each  panel  had  a  unique  gage  layout. 
Several  gages  were  mounted  at  points  other  than  along  the  X  axis 
to  verify  the  analytical  strain  field. 

3.  Test  Procedures 

The  test  specimens  were  allowed  to  age  for  180  days  at 
70*P  and  50%  relative  humidity  to  reach  hygrothermal  equilibrium. 
Immediately  after  the  strain  gages  were  installed  the  panel  was 
mounted  in  the  con^ression  test  frame  and  loaded  to  failure. 

The  test  consisted  of  initially  loading  the  panel  to  -2000 
psi  to  set  it  in  the  test  fixture.  The  load  was  then  removed  and 
the  gage  readings  reset  to  indicate  zero  strain  and  then 
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typical  test  required  15-20  minutes  to  complete.  There  were  some 
variations  in  this  straight  line  load  procedure  which  are  noted  in 
the  appendices  for  the  affected  panels. 
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V.  DISCUSSION  OF  RESULTS 


A.  COMPARISCSI  OF  COMPUTATIONAL  RESULTS 

All  computational  analysis  were  done  at  a  far-field  applied 
stress  of  -10.0  ksi.  These  analyses  assumed  the  material  had 
linear  elastic  properties.  This  assumption  was  adequate  to 
reasonably  predict  the  strain  field  below  the  material  yield 
point.  There  are  some  significant  nonlinear  yield  characteristics 
of  coirposite  materials  that  require  more  sophisticated  treatment 
than  is  given  in  this  report. 

1.  Open  Versus  Closed-Form  Analysis  for  an  Unreinforced  Panel 
A  comparison  of  open  and  closed-form  strain  distribution 
around  a  cutout  in  cin  unreinforced  panel  {PO00)is  shown  in  Figure 
5.1.  The  lines  represent  the  infinite  plate  width  strain  computed 
using  the  stress  function  (Equation  3.24)  by  the  FORTRAN  program 
"RBSFM"  in  Appendix  P  [Refs.  8  &  40].  The  triangular  points 
indicate  the  LEFEA  strains  at  the  node  points  for  the  finite-width 
(8.50")  plate  The  effect  of  the  finite  panel  width  and  the  con¬ 
stant  stress  loading  boundary  condition  may  perhaps  be  more  easily 
seen  in  Figure  5.2  where  the  FEA  strain  results  are  represented  by 
crosses.  The  maximum  FEA  computed  strain  is  higher  increased  at 
the  edge  of  the  cutout  (x  =  0.50")  compared  with  the  closed-form 
results.  At  distances  more  than  2  hole  diameters  away  from  the 
cutout  (x>2.0")  the  FEA  model  gives  slightly  less  strain.  The 
differences  between  the  two  analysis  in  Figures  5.1  and  5.2  are 
small;  it  is  the  similarity  of  the  two  that  is  striking. 

Tne  increased  FEA  strain  at  the  hole  is  due  to  the  constant 
stress  loading  boundary  condition.  A  constant  displacement 
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boundary  condition  would  have  almost  entirely  eliminated  even  this 
small  difference.  The  reduced  strain  toward  the  panel's  free  edge 
is  due  to  not  applying  the  load  to  the  outter  0.25  inches  of  the 
panel ' s  top  edge. 

The  point  of  these  comparisons  is  to  validate  the  finite 
element  analysis  method,  the  type  element  and  the  configuration 
chosen.  It  is  assumed  that  the  computational  results  are  as  valid 
for  reinforced  panels. 

2.  Finite  Element  Analysis  Results 

Table  VI  summarizes  the  most  important  data  from  the 
LEFEA.  The  three  maximum  strains  (Y,  X  and  shear)  are  given  for 
each  configuration  as  well  as  the  finite-width  stress  concentra¬ 
tion  factors.  The  locations  at  the  edge  of  the  cutout  are  listed 
at  the  bottom  of  the  table.  These  values  are  best  used  as  a  means 
of  comparison  among  reinforcement  geometries,  not  for  and  exact 
prediction  of  the  micro-strain  at  the  edge  of  the  cutout.  Recall 
the  assumption  made  that  the  cortpressive  modulus  was  constant  for 
all  strain.  Two  SCF's  are  given,  one  for  a  theoretical  "infinite" 
plate  and  one  for  the  8.50"  width  panel  used  in  this  research. 

These  stress  concentration  factors  are  theoretical  only. 
They  are  valid  solely  for  a  totally  elastic  strain  field.  Nuismer 
and  Labor  [Ref.  33;  p.  50],  cimong  others,  point  out  that  at  high 
strains  (in  the  case  of  HMF330C/34  at  strain  in  excess  of  9000  M6) 
the  fibers  immediately  next  to  the  hole  at  the  SCF  begin  to  fail 
and  transfer  the  load  through  the  matrix  to  adjacent  fibers. 
Compressive  failure  usually  consists  of  matrix  cracking,  fiber 
micro-buckling,  ply  delcunination  and  the  transfer  of  the  load  from 
the  failing  region  next  to  the  hole  away  to  fibers/matrix  able  to 
sustain  the  load.  Failure  in  this  manner  is  difficult  to  analyze 
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using  linear  methods  because  of  the  rapidly  changing  material 
properties  during  the  process. 


TABLE  VI 

FINITE  ELEMENT  ANALYSIS  RESULTS 


Panel 

Designation 

Maximum 

the 

Strain 

Cutout 

Around 

Strain  Concen¬ 
tration  Factor 

eps-y 

eps-x 

eps-xy 

w  =  OO 

w  =  8.5" 

PO00 

-4230 

1596 

-3253 

3.11 

RRll 

-3739 

1420 

-3211 

2.65 

2.75 

RR22 

-3363 

1284 

-3113 

2.39 

2.48 

RR31 

-3605 

1320 

-3106 

2.56 

2 . 65 

RR42 

-3231 

1186 

-2998 

2.29 

2.37 

RR51 

-3539 

1267 

-3056 

2.51 

2.60 

r  'll 

-3719 

1382 

-3170 

2.64 

2.74 

ka31 

-3545 

1254 

-3058 

2.51 

2.60 

RS51 

-3465 

1193 

-2999 

2.46 

2.55 

RHll 

-4261 

1777 

-3298 

3.02 

3.13 

RH22 

-4097 

1821 

-3188 

2.91 

3.02 

RH31 

-3983 

1545 

-3097 

2.82 

2.92 

RH42 

-3727 

1645 

-2947 

2.64 

2.74 

RH51 

-3997 

1475 

-3094 

2.83 

2.93 

eps-y  @  6=0°,  eps-x  @  6=  90° ,  eps-xy  @  6  =  27.0° 


Figure  5.3  shows  a  comparison  of  the  maximum  Y  direction 
strains  (eps-y  in  Table  VI)  at  the  edge  of  the  cutout.  These 
correspond  to  the  theoretical  stress  concentration  factors. 
Several  facts  become  apparent; 

■  Panels  RR22  and  RR42  gave  the  best  theoretical 
reduction  in  SCF.  They  had  most  of  their  reinforcement  concen¬ 
trated  next  to  the  cutout  in  2  plies  (thick)  per  facesheet. 

■  In  no  case  was  the  500%  (single  ply)  reinforcement 
appreciably  superior  to  the  300%  (single  ply)  configuration  in 
reducing  the  SCF.  Reinforcement  relatively  far  removed  from  the 
hole  edge  added  little  strength  to  the  panel. 

■  The  square  reinforcement  configuration  provided  very 
slightly  more  strain  reduction  compared  with  equivalent  round. 
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Comparison  of  Maximum  DIAL  Strain 

Far  Field  10,000  psi  Compressive  Stress 

Micro-Strain  vs.  Percent  of  Reinforcement 
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Figure  5.3  Conparistxi  of  Mazimum  FE^  Strains. 


Amount  of  Reinforcement  (percent) 


■  The  strip  reinforcement  resulted  in  about  12%  higher 
strain  for  the  same  amount  (percentage)  of  reinforcement  compared 
with  the  other  two  configurations. 

B.  CX3MPARISQN  OF  EXPERIMBflAL  RESULTS 

1.  Solid  Panel 

Panel  PX00  was  tested  to  provide  a  basis  for  comparison 
and  an  indication  of  the  ultimate  strength  of  a  panel  without  a 
cutout  or  stress  concentration.  The  panel  was  subjected  to  two 
loading  sequences;  the  first  up  to  =  -45.0  ksi  (about  two- 
thirds  the  estimated  ultimate  load)  and  the  second  to  failure  at 
-57.0  ksi.  Two  load  runs  were  used  to  determine  if  there  was  any 
residual  damage  from  the  first  load.  After  the  first  run,  resi¬ 
dual  damage  would  be  indicated  by  reduction  in  inplane  stiffness 
(tne  effective  modulus  E^)  due  to  matrix  degradation.  Table  VII 
shows  the  results  of  the  test.  The  first  run  was  a  maximum  load 
of  approximately  80%  of  the  ultimate;  no  significant  difference  is 
apparent  between  the  two  runs.  It  appears  that  this  G/Ep  material 
is  elastic,  at  least  up  to  about  30%  of  its  ultimate  compressive 
strength . 

The  monotonically  decreasing  stress-strain  curve  (noted  in 
Section  III.A.1)  is  significant.  It  most  probably  results  from 
the  decreasing  ability  of  the  cringed  harness  weave  fibers  to 
carry  the  compressive  load  as  the  load  increases.  The  close 
correlation  in  strain  (Eps-y)  and  modulus  (Ey)  between  runs  1  and 
2  would  seem  to  eliminate  matrix  cracking  or  de lamination,  at 
least  below  -45.0  ksi,  as  a  source  of  tne  nonlinear  behavior;  it's 
nonlinear  and  elastic. 

Figure  5.4  shows  the  stress-strain  curves  for  both  load 
sequences.  Test  sequence  No.  1  is  almost  exactly  duplicated  by 
No.  2.  These  curves  came  from  the  average  of  10  gages  mounted 


anel.  No  Cutout 
Compressive  Stress 


transversely  (on  the  X  axis)  on  the  panel.  The  gages  were  all  the 
various  sizes  and  resistance  values  used  on  the  other  panels.  The 
standard  deviation  of  all  the  values  was  within  +4%  of  the  average 
for  each  load.  This  could  toe  taken  as  the  typical  limit  of 
accuracy  for  any  one  gage.  When  including  consideration  for  the 
position  error  noted  above  it  would  not  be  unreasonable  to 
consider  any  experimentally  measured  strain  to  be  within  about  ±4% 
of  the  true  value.  It  is  doubtful  that  more  accurate  measurement 
is  possible  without  taking  extraordinary  measures. 


TABLE  VII 

PANEL  PX00  TEST  RESULTS 


Load 
(-  ksi) 


Run  #1 

:r'&) 


,5y,,  ■'’12 


0.316 

0.317 

0.318 


Run  #2 


0.311 

0.315 

1 

0.314 

2( 

0.314 

2 

0.315  3. 

0.336 


0.320 


0.318 

0.318 


0.319 

0.320 

0.321 


2.  Panels  with  Stress  Concentrations 

The  results  of  the  experimental  program  are  summarized  in 
Table  VIII.  Individual  panel  experimental  and  computational 
results  are  discussed  in  the  appendices.  The  loads  in  (ksi)  are 
listed  for  the  first  audible  ply  failure  (FAPF)  and  ultimate.  Th 


FAPF  was  nothing  more  than  the  first  "pop"  heard  during  the 
loading  sequence.  While  this  hardly  seems  to  be  a  rigorous  defi¬ 
nition,  in  every  case  the  FAPF  appeared  to  be  a  predictor  of  the 
ultimate  load.  Stress  concentration  factors  (SCF)  were  taken  from 
the  finite  element  einalysis.  In  the  strength  reduction  column  the 
calculated  value  came  from  equation  2.6  using  a®  =  0.33",  the 
value  determined  by  LMSC  for  HMF330C/34  cloth  G/Ep.  Nuismer  and 
Whitney  [Ref.  26:  pp.  122-3]  state  that  there  is  some  evidence 
that  the  value  of  ao  remains  "constant  for  all  laminates  of  all 
fiber  reinforced/resin  matrix  cOTiposites...at  least  for  what  has 
been  referred  to  as  'fiber  of  filament-dominated'  laminates  in 
glass/epoxy,  boron/epoxy,  and  graphite/ epoxy  systems."  There 
seems  to  be  some  difference,  however,  between  tape  (a»  =  0.28"  for 
AS/3501-5)  and  fabric  (ao  =  0.33"  for  HMF330C/34).  The  actual 
strength  reduction  is  based  on  the  ratio  of  the  solid  panel  (PX00) 
ultimate  strength  to  that  of  each  panel  with  the  stress  concentra¬ 
tion.  The  percent  difference  (%A)  between  calculated  and  actual 
strength  reduction  is  C(calculated-actual)*{100/calculated)]. 

This  value  serves  to  compare  the  relative  magnitude  of  observed 
strength  among  test  specimens.  A  positive  value  of  %A  indicates 
a  panel  which  demonstrated  higher  strength  than  predicted  by  the 
SCF  computed  by  the  LEFEA.  Note  the  close  correlation  among  FAPF, 
actual  strength  reduction  and  failure  type. 

3.  Types  of  Panel  Failure 

There  were  two  types  of  panel  failure:  (Type-1)  delamina¬ 
tion  at  the  point  of  highest  stress  concentration  ( 0  =  0*  on  the 
edge  of  the  cutout)  followed  immediately  by  total  failure  and 
(Type-2)  facesheet  separation  followed  at  some  higher  load  by 
catastrophic  failure.  Type-2  failures  occurred  far  below  the 


expected  stress  level.  A  panel  with  a  Type-2  failure  not  taken  to 
to  a  complete  failure  was  designated  Type-2'. 


TABLE  VIII 

CXMPARISON  OF  EXPERIMENTAL  RESULTS 


Panel 

Desig. 


FAPF  Ultimate 
Load  (psi) 


Strength  Reduction 
Calc.  Actual  %A 


Failure 

Type 


:00 

25,500 

57,460 

100 

17,000 

30,000 

Lll 

18,500 

29,950 

i22 

16,000 

21,050 

:31 

17,500 

28,000 

142 

13,500 

21,900 

151 

5,500 

16,000 

;ii 

17,000 

31,000 

131 

17,500 

32,550 

151 

7,000 

19,600 

Ill 

19,000 

29,960 

[22 

18,000 

31,640 

[31 

9,500 

21,530 

[42 

21,000 

36,990 

151 

16,500 

31,630 

+  0.5 


+17.1 


Strength  reduction  calculation  used  ao  =  0.33  in.  from  LMSC  test 
data.  Panels  marked  with  **  were  not  taken  to  total  failure. 


Failure  Types;  1 
2 
2' 


Failure  originates  at  Strain  Concentration 
Facesheet  Separation  &  Buckle 
Facesheet  Separation  &  Buckle  (not  loaded 
to  ultimate) 


It  has  been  noted  that  in  compression  there  exists  a 
tensile  Poisson  stress  (+CJ2)  which  is  greatest  at  the  point  of 
highest  stress  concentration  on  the  edge  of  of  the  cutout  and 
tends  to  pull  the  plies  apart.  It  was  not  possible  from  this 
experimental  procedure  to  determine  if  ply  deleimination,  inter¬ 
laminar  shear  stress  or  micro-mechanical  fiber  buckling  was  the 
initiator  of  the  failure.  In  fact,  failure  probably  resulted  from 


two  or  all  three  of  these  working  together,  possibly  in  conjunc¬ 
tion  with  both  fiber  and  matrix  flaws.  Figure  5.5  shows  a  typical 
compressive  panel  (Type-1)  failure.  All  Type-1  failures  were 
almost  identical  in  appearance;  they  differed  only  in  the  ultimate 
load  sustained. 

All  Type-2  and  Type-2'  failures  were  also  similar  to  each 
other;  the  facesheet  began  to  pull  away  from  the  core  at  some 
point  away  from  the  edge  of  the  cutout.  This  began  with  the 
formation  of  a  small  bulge  or  "bubble"  which  increased  in  total 
area  and  distance  from  the  face  of  the  core  to  inside  surface  of 
the  facesheet.  The  initial  separation  was  not  visible  until  well 
into  the  load  cycle,  however,  in  some  cases  the  FAPF  may  have  well 
been  the  sound  of  the  initial  adhesive  failure.  Once  the  leading 
edge  of  the  separation  reached  the  cutout  the  panel  failed 
totally. 

Type-2'  failure  was  this  facesheet  separation  not  taken  to 
total  failure.  The  partially  failed  panels  were  removed  from  the 
test  apparatus  and  subjected  to  non-destructive  (NDI)  and 
destructive  inspections  in  an  attempt  to  determine  the  possible 
cause  of  the  core-facesheet  separation. 

Panels  RR22,  RR42,  RR51  RS51  and  RH31  failed  by  facesheet 
separation.  The  stress-strain  curves  for  these  panels  appear  in 
the  individual  appendices  and  all  clearly  show  the  result  of  the 
facesheet  separation — the  slope  of  the  curve  dramatically  in¬ 
creased.  This  was  due  to  the  decreasing  peinel  stiffness  ;,nd  the 
picking-up  of  the  load  as  the  area  of  separation  and  facesheet 
curvature  increased. 

When  this  failure  mode  appeared  an  additional  FEA  was 
considered  necessary  to  excunine  in  detail  the  core-facesheet 
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interface.  A  three-dimensional  analysis  was  made  of  panel  RR22  to 
deteraiine  if  any  significant  out-of-plane  stress  was  causing  tlie 
separation.  The  results  are  given  in  Appendix  O.  The  interface 
(the  idealized  adhesive  surface)  showed  very  low  stresses  in  the 
±z,  or  out-of-plane,  direction.  From  this  it  may  be  assumed  that 
facesheet  separation  was  the  result  of  an  inccxnplete  or  bonding 
process  or  other  manufacturing  error. 

The  Type-2 ‘  failure  panels  were  subjected  to  non-destruc¬ 
tive  inspection  using  C-Scan  and  X-ray  methods  to  attempt  to 
locate  the  source  of  the  defect(s).  No  obvious  flaws  or 
manufacturing  errors  were  apparent.  Panels  virtually  identical  to 
those  Type-2  and  -2'  failures  were  mcuiufactured  and  tested  under 
the  same  experimental  conditions.  In  each  case  the  panels 
sustained  Type-1  failure  and  carried  an  ultimate  load  into  the 
-29  to  -35  Xsi  range. 


This  study  excimined  three  geometric  configurations  of  co-cured 
reinforcement  of  graphite/ epoxy  honeycomb  plates  with  circular 
cutouts  subjected  to  uniaxial  compressive  loading  and  compared 
them  to  identically  loaded  unreinforced  notched  and  solid  plates. 
The  test  specimens  were  modeled  using  linear  elastic  finite 
element  analysis  (LEFEA)  to  analyze  the  strain  field  around  the 
cutout.  The  objective  of  the  study  was  to  determine  if  a 
relatively  simple,  inexpensively  mauiufactured  reinforcement  of  a 
cutout  could  significantly  reduce  the  stress  concentration  it 
induced,  decrease  the  local  strain  and  thereby  increase  the 
ultimate  (failure)  strength  of  the  panel. 

Table  IX  is  a  summary  of  the  important  analytical  and  experi¬ 
mental  results.  The  computed  SCF  is  derived  from  the  LEFEA.  The 
predicted  failure  stress  is  based  on  the  actual  failure  of  the 
unreinforced  panel  (PO00)  and  the  analytical  SCF.  More  than  many 
ciny  other  experimental  results,  compressive  failure  in  composite 
plates  should  be  classed  a  stochastic  function.  It  would  take  a 
number  of  identical  panels  of  each  configuration  to  arrive  at  a 
statistically  significant  predicted  failure  stress.  However, 
from  the  data  of  this  study,  the  average  of  the  eight  Type-1 
failures  was  93.5%  of  the  predicted  failure  stress.  The  strip 
reinforcement  (four  Type-1  failures)  failed  at  100.5%  of  the 
predicted  applied  stress.  A  three-dimensional  linear  finite 
element  cinalysis  of  a  typical  Type-2  failure  (Panel  RR22)  was 
attempted  (see  Appendix  0).  It  failed,  however,  to  predict  the 


actual  failure  loading  or  to  provide  a  reason  for  the  premature 
facesheet  separation. 

The  test  program  reported  here  confirmed  that,  properly  used, 
the  linear  elastic  finite  element  method  provided  an  exceptionally 
accurate  strain  field  representation  even  in  a  material  with 
nonlinear  response  (see  ^pendices  A-0).  The  failure  stresses 
were  harder  to  predict  using  linear  methods,  but  this  is  hardly 
surprising  considering  the  material  is  a  conposite  and  the  loading 
is  compression. 

TABUS  DC 

SUMMARY  OF  ANALYTICAL  AND  EXPERIMENTAL  RESULTS 


Failure  Stress  (psi)  % 

Test  Ccxnputed - Predicted  Failure 


Panel 

SCF 

Predicted 

Actual 

Load 

Type 

PO00 

3.00 

— 

30,500 

100 

1 

RRll 

2.65 

34,500 

29,950 

86.3 

1 

RE122 

2.39 

38,250 

21,050 

55.0 

2 

RR31 

2.56 

35,750 

28,000 

78.3 

1 

RR42 

2.29 

39,950 

13,500 

33.8 

2 

RR51 

2.51 

36,500 

0 

0.0 

2' 

RSll 

2.64 

34,650 

31,000 

89.5 

1 

RS31 

2.51 

36,500 

32,550 

89.2 

1 

RS51 

2.46 

37,200 

19,000 

51.1 

2' 

RHll 

3.02 

30,250 

29,960 

99.0 

1 

RH22 

2.91 

31,500 

31,640 

100.0 

1 

RH31 

2.82 

32,500 

12,000 

36.9 

2 

RH42 

2.64 

34,650 

36,990 

106.8 

1 

RH51 

2.83 

32,300 

31,630 

97.9 

1 

B.  OOHCLUSIONS 

From  data  in  Table  IX  it  csui  be  seen  that  reinforcanent 
reduced  computed  stress  concentrations  up  to  20%  in  some  configu¬ 
rations.  Tne  reinforcement  added  little  more  tnan  1  to  4% 


\  % 


additional  weight  to  each  panel.  While  it  is  difficult  to 
directly  compare  the  improvement  reported  here  with  configurations 
in  an  actual  application  in  a  large,  complex  structure,  it  is  easy 
to  see  that  for  a  small  increase  in  weight  a  significant  reduction 
in  stress  concentration  is  both  predicted  and  realized. 

Small  amounts  of  graphite/epoxy  reinforcing  lamina(e)  co-cured 
with  thin  composite  sheets  of  the  same  material  can  significantly 
reduce  stress  concentrations  and  increase  ultimate  failure  load. 
This  reinforcement  method  involves  some  additional  mainufacturing 
effort,  but  it  yields  excellent  strength-to-weight  comparisons. 

The  analytical  results  indicate  that  using  several  small 
reinforcement  plies  concentrated  close  to  the  cutout  provides  the 
most  attractive  strength-to-weignt  ratios.  The  strip 
configuration  also  gives  excellent  results  and  seemingly  very 
predictable  failure  levels. 

This  experimental  program  reaffirmed  the  well-known  fact  that 
even  minor  manufacturing  defects  cam  be  a  severe  problem  in 
conpression  testing.  Improper  or  incomplete  bonding  of  the  face- 
sheets  to  the  honeycomb  core  cam  significantly  affect  the  ultimate 
failure  load  in  graphite/epoxy  specimens.  In  five  cases  the 
facesheet  begeu:i  separating  from  the  core  at  a  point  away  from  the 
cutout.  A  "bubole"  then  forraed  reducing  the  facsheet's  load 
resistaince  and  transferring  the  load  to  the  opposite,  still  intact 
facesheet.  The  panel  then  began  to  exhibit  greatly  decreased 
stiffness.  As  the  load  was  increased,  peuiel  stiffness  decreased 
in  proportion — similar  to  Euler  column  buckling. 

It  was  not  possible  to  locate  the  source  of  the  bonding 
failure  or  even  prove  conclusively  that  improper  bonding  was  the 
source  of  the  premature  failure.  However,  since  the  "bubble" 
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usually  initiated  at  low  load  levels  and  at  points  well  away  from 
the  stress  concentration,  bonding  failure  appears  to  be  the  most 
logical  explanation.  Prior  to  testing  the  panels  were  subjected 
to  NDI  which  failed  to  discover  any  unbonded  areas  between  the 
core  auid  facesheet.  These  failures  could  have  been  a  case  of  wealc 
or  only  partial  adhesive  bonding. 

C.  R£XX>MMENDATIOt!lS 

The  research  reported  here  investigated  only  a  few  of  the 
possible  reinforcement  geometries.  Any  number  of  significant 
questions  remain  unanswered  in  the  research  reported  here. 
Additional  work  is  suggested  in  the  following  areas: 

1.  Further  Testing  of  Reported  Geometries 

Time  and  money  limited  testing  to  one  specimen  of  each 
geometry.  Several  of  the  most  promising  reinforcement  configura¬ 
tions  (RR22,  RR42,  RH42,  etc.)  should  be  subjected  to  further 
testing  to  obtain  statistical  confirmation  of  these  results. 

The  reaction  of  some  of  the  strain  gages  remains 
unexplained,  at  least  in  part.  For  example,  panel  RS3i  (Appendix 
H,  Figure  H.4)  the  gages  closest  to  the  cutout  show  points  where 
an  increase  in  load  causes  no  corresponding  strain  increase.  At  a 
higher  applied  stress  the  gage  begins  to  react  normally  and 
stress-strain  curve  resumes  an  offset  but  parallel  course  (also 
see  panel  RH22,  Figure  K.4). 

2.  Additional  Reinforcement  Geometries 


The  three  geometries  reported  here  hardly  exhaust  the 
possibilities.  Some  additional  promising  configurations  include 
oval  (when  the  principal  load  direction  is  known  or  is  predict¬ 
able),  several  different  "wedding  cake"  methods  and  moving  the 
strip  configuration  closer  to  the  cutout. 


Reinforcement  plies  identical  to  the  reinforced  material 
was  used  in  this  study.  It  would  be  interesting  to  observe  the 
effects  of  stiffer  reinforcement  such  as  laying  G/Ep  tape 
reinforcement  0*  to  the  applied  load. 

4.  Improvements  to  Experimental  Methods 

A  dense  strain  gage  network  next  to  the  cutout  on  both 
sides  of  each  facesheet  may  better  explain  the  mechanics  of 
failure.  Mucn  closer  load  increments  are  necessary,  1000  psi 
steps  were  not  sufficient  for  a  full  explanation  of  the  high 
strain  notched  panel  response. 

A  micro-photographic  sequence  of  the  stress  concentration 
at  the  edge  of  the  cutout  at  high  load  (starting  at  80%  of 
might  yield  significant  information  on  the  way  the  graphite/ epoxy 
panels  fail  in  compression. 

The  MTS  machine  used  in  this  research  maintained  a 
constant  (or  constantly  increasing)  load  using  an  electronic  feed¬ 
back  loop.  When  the  panel  began  yeilding,  stiffness  was  reduced 
and  the  rate  of  head  travel  increased  in  an  attempet  to  maintain 
the  indicated  load.  At  failure,  the  head  moved  about  1/3"  -  1/2" 
and  crushed  the  panel.  This  precluded  detailed  examination  of  the 
delamination  at  the  stress  concentration  at  failure.  A  constant 
displacement  compression  test  machine  is  recommended  in  suosequent 


research. 


APPE23DIX  A 


PANEL  PO00:  ANALYTICAL  AND  EXPERIMENTAL  DATA 

Panel  PO00  served  as  the  basis  for  conparison  between 
reinforced  and  unreinforced  compression  specimens.  It  had  a  cen¬ 
tered  1.00"  diameter  hole  with  no  reinforcement  around  the  cutout. 
T.v^o  identical  specimens  were  produced,  instrumented  and  tested. 
They  both  failed  at  the  hole  edge  (Type-1)  at  cin  average  applied 
normal  compressive  stress  (  (Jj^)  of  -30,500  psi. 

The  panel  finite  element  model  (mesh)  is  illustrated  in  Figure 
A.I.  Figure  5.1  shows  the  distribution  of  strain  around  the 
cutout  comparing  open  and  closed-form  computation  methods.  Table 
X  gives  tne  (finite  element)  con5>uted  strain  data  around  the 
cutout.  Figure  A. 2  shows  the  correlation  between  computed  strain 
(solid  and  dashed  lines)  and  the  experimentally  measured  strain 
(triangles)  along  the  X  axis  at  an  applied  normal  stress  of 
-10,000  psi.  figure  5.2  shows  the  correlation  between  open  and 
closed-form  analysis  along  the  X  axis.  Table  XI  lists  the 
computed  values  of  the  strain  parallel  to  the  applied  load  (Eps-Y) 
and  Poisson  expansion  (Eps-X)  along  the  X  axis. 

Jote  that  in  Figure  A.2  between  the  1.25  and  2.75  inch 
stations  on  the  panel's  X  axis  the  indicated  gage  strain  seems  to 
alternate  slightly  up  and  down.  Gages  indicating  high  were  on  the 
right  side  of  the  hole  while  those  indicating  slightly  lower  were 
an  the  left.  In  order  to  best  illustrate  the  effect  of  the  stress 
concentration,  left  and  right  side  gages  are  superinposed  on  the 
right  side  of  the  cutout.  It  appears  that  the  right  side  saw 
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about  1  to  2%  higher  strain  than  the  left.  The  strain  difference 
is  attributed  to  either  a  very  slight  test  fixture  misalignment 
or  a  difference  in  pcinel  length  between  each  side  of  the  hole 
amounting  to  about  to  somewhat  less  than  0.0005" 

Figure  A.3  shows  graphically  the  experimentally  measured 
values  of  strain  at  different  locations  on  the  X  axis.  The 
numerical  strain  data  are  given  in  Table  XII.  The  center  of  gage 
ffl's  resistive  grid  at  x  =  0.570"  was  0.070"  from  the  edge  of  the 
hole.  The  strain  indicated  was  appropriate  to  the  applied  load 
taking  into  account  the  non linearities  discussed  in  Chapter  5. 
Between  -7,000  and  -9,000  microstrain  on  gage  #1,  there  appears  to 
be  a  slight  anomaly  where  the  strain  does  not  increase  as  fast  as 
it  nad  up  to  that  point,  but  it  then  appears  to  "catch  up."  This 
may  be  attributed  to  minor  fiber  failure,  nonlinear  load  transfer 
or  local  de lamination.  This  is  a  phenomenon  that  becomes  much  more 
apparent  in  the  tests  of  reinforced  panels. 

Figures  A.4  through  A. 7  show  the  strain  field  contours  at  an 
applied  normal  stress  of  -10,000  psi  computed  and  plotted  using 
DIAL.  Figure  A.4  is  the  full  quarter  panel  which  shows  the  effect 
of  not  loading  the  full  width  of  the  top  edge.  Figures  A.5 
through  A.7  show  the  strains  contours  close  to  the  cutout.  The 
computed  strains  are  very  close  to  that  for  the  ideal  inf  ini  te- 
widtn  panel. 

Figures  A.8  through  A.  11  plot  panel  stress  contours  at  the 
-10,000  psi  loading.  The  type  of  element  used  in  the  LEFEA 
required  the  applied  load  to  be  input  as  a  stress  resultant  (N, 
lb/ in)  and  produced  plots  in  the  same  units.  Since  all  the 
reinforced  panels  had  different  thicknesses  over  their  surfaces, 
the  plots  of  stress  resultant  were  not  valid  and  are  not  given  for 


any  other  panels.  Plots  of  stress  are  included  to  be  conpared 
with  the  classic  notched  plate  solution  to  validate  the  analysis. 


Figure  A.a  shows  the  full  quarter  panel  with  the  stress 
concentration  in  the  upper  right  corner  due  to  the  panel  clamping 
modeling  and  the  imposed  boundary  conditions.  Figures  A. 8  and  A. 9 
show  the  maximum  resulting  stress  parallel  to  the  load.  The 
maximum  induced  stress  (at  ^  =  0®)  is  31/100  psi  which  compares 
to  30,500  psi  (Equation  2.3)  for  the  finite-width  panel.  This  is 
just  3.6%  over  that  predicted  for  an  infinite  plate.  This  minor 
difference  is  accounted  for  by  the  loading  and  boundary  conditions 
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Figure  A.  2  Panel  PO00:  Strain  CoBf>arison  Along  the  X  Axis 


Axis  (inches) 


PANEL  PO0i<:  LEPEA  STRAIN  DISmEBtITION  ALONG  THE  X  AXIS  (-10,000  PSl). 
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Panel  POOO:  Unremtorced  Circular  Cutout 
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Figure  A.3  Pauiel  PO00:  Nircostrain  vs.  Qqsressive  Stxess 
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TABLE  XII 


PAHBL  FO00: 

SE[£CRD 

STRAIN  GAGE  VALUES 

DURING  LOAI 

Load 

In  <  1  \ 

Sicrc 

-Strain 

Indicated 

by  gage: 

*4 

#12 

2000 

-285 

-2  07 

-157 

-115 

4000 

-554 

-3  95 

-311 

-249 

6000 

-1091 

-773 

-6  09 

-495 

8000 

-1648 

-1168 

-914 

-753 

10000 

-2245 

-1586 

-1243 

-1020 

12000 

-2869 

-20  31 

-15c  . 

-1244 

14000 

-3521 

-24  87 

-192o 

-1569 

16000 

-4183 

-29  48 

-2277 

-  1851 

18000 

-4  857 

-3421 

-2633 

-2130 

20000 

-5559 

-39  10 

-299o 

-2420 

22000 

-6  278 

-44  16 

-3360 

-2711 

24000 

-7022 

-49  32 

-3741 

-2997 

26000 

-7566 

-5509 

-41  17 

-3291 

28000 

-811 1 

-61  15 

-4507 

-3592 

30000 

-9192 

-6774 

-4900 

-3895 

32000 

-9829 

-74  56 

-5283 

-4202 

in  I 
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APPENDIX  B 


PANEL  8R11:  ANALYTICAL  AND  EXPERIMENTAL  DATA 


Panel  RRll  was  reinforced  with  one  round  co-cured  ply  of  G/Ep 
concentric  with  the  cutout  placed  on  the  outside  of  each  facesheet. 
The  reinforcement  had  the  following  dimensions: 


Shape: 

Inside  Diameter: 
Outside  Diameter: 
Thickness  ( each ) : 
Area  ( each  face ) : 
Total  Volume: 

Net  Cross  Section 


Round 
1.00  in 
2.24  in 

0.014  in  (1  ply) 
3.16  in^ 

0.088  in^ 

0.035  in^ 


The  panel  failed  at  the  hole  edge  (Type-1)  at  an  applied 
normal  con5>ressive  stress  of  -29,950  psi.  Based  strictly  on  the 
failure  of  the  unreinforced  panel  and  the  computed  stress  concen¬ 
tration  factor  of  2.65,  the  predicted  failure  was  =  -34,500 
psi.  Failure  was  at  only  87%  of  the  predicted  load.  There  was  no 
obvious  reason  for  the  early  failure.  No  meuiufacturing  errors 
were  apparent  on  post-test  visual  or  non-destructive  inspection  of 
the  facesheet-honeycomb  bonding. 

The  finite  element  model  (mesh)  is  shewn  in  Figure  B.l.  The 
area  of  round  reinforcement  is  denoted  by  the  area  inside  the  bold 
outline  around  the  cutout. 


Figure  B.2  conpares  the  computed  (finite  element)  strains 
around  the  cutout  between  the  unreinforced  panel  (PO00)  and  RRll. 


Table  XIII  gives  tne  computed  distribution  of  strains  around  the 
cutout  in  the  Y  and  X  directions  as  well  as  shear  (Eps-X,  Eps-Y 
and  Eps-XY). 

Figure  B.3  compares  the  finite  element  models  (solid  and 
dashed  lines)  and  the  experimental  values  (triangles)  of  strain  at 
-10,000  psi  applied  normal  stress.  It  shows  the  very  close  corre¬ 
lation  between  the  analytically  predicted  and  experimental  strain 
with  some  minor  variation  on  either  side  of  tne  panel.  The  LEFEA 
strain  values  are  listed  in  Table  XIV.  The  edge  of  the  reinforce¬ 
ment  extended  to  1.12"  in  on  the  X  axis.  This  is  apparent  from 
the  figure  as  the  inflection  point  in  the  direct  compressive 
strain  (solid  line)  where  it  abruptly  begins  to  increase. 

Figure  8.4  shows  the  stress-strain  state  during  the  load 
sequence  from  0  to  -30  Xsi.  Experimentally  measured  strain  gage 
values  are  given  in  Table  XV.  At  -16  ksi  the  gage  next  to  the 
hole  (x  =  -0.571")  suddenly  indicates  a  severe  loss  of  local 
stiffness.  This  is  reflected  to  a  smaller,  but  no  less  dramatic 
degree  in  gage  43  on  the  other  side  of  the  cutout  at  x  =  0.749". 
Gage  41  demonstrates  what  appears  to  be  a  continuous  increase  in 
local  stiffness  starting  at  -18  ksi;  as  the  load  increases  the 
strain  decreases.  Between  -22  and  -24  ksi  the  strain  is  rapidly 
changing  from  compressive  to  tensile  next  to  the  hole.  No  visible 
bucl^ling  or  dalamination,  which  might  help  to  explain  part  of  this 
behavior,  was  noted  next  to  the  cutout  under  visual  inspection. 

Figures  B.5  through  B.3  show  the  LEFEA  computed  strain 
contours  at  an  applied  norraal  compressive  stress  of  -10,000  psi 
computed  and  plotted  using  DIAL.  Figure  B.5  is  the  full  quarter 
panel  with  strain  parallel  to  the  applied  load.  This  shaws  some 
strain  contours  at  the  top  right  of  the  panel  illustrating  the 
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Figure  B.2  Panel  RRIl:  Strain  Ccn^parison  Around  the  Cutout 
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Plgure  B.3  Peuiel  RRll:  Strain  Ccnoparison  Along  the  X  Axis 
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PANEL  RRll,  LEPBA  STRAIN  DISTRIBUTION  ALONG  TBE  X  AXIS  (-10,000  PSI) 
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Figure  B.4  Panel  RRll:  Micros'train  vs.  Ccnpressive  Stress 


6000  8000  10000 
Strain  (in/in) 


TABLE  XV 


PAHEL  RRll:  SEE^CTED  STRAIN  GAGE  VALUES  DURING 
Load  Micic-Strain  Indicated  by  Gage 


(psi) 

*1 

#3 

1 

1 

1 

1 

1 

1 

1  ^ 

1 

1 

1 

#1 

2000 

-254 

-156 

-110 

-1 

4000 

-530 

-3  20 

-240 

-2 

6000 

-  1091 

-6  49 

-507 

-5 

8000 

-1656 

-9  75 

-773 

-8 

10000 

-2  24  1 

-1312 

-1050 

-10 

12000 

-2792 

-1665 

-1334 

-13 

14000 

-3350 

-20  26 

-1629 

-16 

16000 

-3893 

-23  82 

-19U 

-19 

18000 

-4507 

-27  55 

-2211 

-21 

20000 

-6803 

-31  83 

-25  12 

-24 

22000 

-7326 

-36  96 

-2822 

-27 

24000 

-7101 

-4165 

-3125 

-30 

26000 

♦  1899 

-46  61 

-34  5o 

-33 

28000 

♦  3785 

-5219 

-3773 

-36 

30000 

♦  3670 

-22  64 

-4149 

-39 

32000 

♦  3550 

-23  96 

-4583 
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Figurv  B.6  Panal  RRll:  ^p«-Y  FA  Caotoura  Hear  thm  Cutout. 
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APPENDIX  C 


PANEL  RR22:  ANALYTICAL  AND  EXPERIMENTAL  DATA 


Panel  RR22  was  reinforced  with  two  round  co-cured  plies  of 
G/Ep  concentric  with  the  cutout  on  the  outside  of  each  facesheet. 
The  reinforcement  had  the  following  dimensions: 


Shape : 

Inside  Diameter; 
Outside  Diameter; 
Thickness  ( each ) : 
Area  (each  face); 
Total  Volume: 

Net  Cross  Section: 


Round 
1.00  in 
2.24  in 

0.028  in  (2  plies) 
3.16  in^ 

0.176  in^ 

0.069  in^ 


The  panel  failed  by  facesheet  separation  and  buckling  (Type~2) 
almost  inmediately  upon  initial  application  of  the  load.  It 
failed  totally  at  cin  applied  normal  conpressive  stress  (.0  of 
-21,050  psi.  Based  strictly  on  the  failure  of  the  unreinforced 
panel  and  the  confuted  stress  concentration  factor  of  2.39,  the 
predicted  failure  was  ~  -38,250  psi.  This  reinforcement 
configuration  should  have  been  among  the  most  efficient;  stacking 
the  most  additional  thickness  closest  to  the  point  of  highest 
stress  concentration. 

The  finite  element  model  (mesh)  is  shown  in  Figure  C.l.  The 


round  area  of  reinforcement  is  outlined  by  the  heavy  lines  next  to 
the  cutout.  The  reinforcement  is  two  plies  thick  on  the  outside 
of  both  facesheets. 


Figure  C.2  shows  the  comparison  between  finite  element 
computed  strains  around  the  cutout  between  the  unreinforced  panel 
(PO00)  and  RR22  at  -10,000  psi  applied  normal  stress.  Table  XVI 
gives  the  computed  values  of  the  three  strains  (Eps-Y,  Eps-X  and 
Eps-XY)  for  the  reinforced  panel. 

Figure  C.3  compares  the  analytical  (solid  and  dashed  lines) 
and  experimentally  measured  strain  values  (triangles)  at  =  -10 
ksi.  The  alternating  strain  gage  values  between  x  =  1.0"  and  2.5" 
indicate  the  small  experimental  difference  between  gages  on 
opposite  sides  of  the  cutout.  While  the  facesheet  separation 
began  at  the  onset  of  the  load,  it  covered  only  a  small  area  and 
the  strain  gages  were  on  the  opposite  side  of  the  panel  still 
giving  reasonable  indications  at  ~  edge  of  the 

reinforcement  extended  to  x  =  1.12".  This  can  be  seen  clearly  in 
Figure  C.3  as  the  point  where  the  strain  along  the  X  axis  has  an 
inflection  point  and  begins  increasing  after  a  steady  decrease 
moving  away  from  the  cutout  edge.  Table  XVII  gives  the  (finite 
element)  computed  distribution  of  strains  around  the  cutout  in  the 
Y  and  X  directions  as  well  as  shear  (Eps-Y,  Eps-X  and  Eps-XY). 

Figure  C.4  shows  tne  stress-strain  state  during  the  load 
sequence  from  0  to  -20  ksi.  Numerical  strain  gage  data  are  given 
in  Table  XVIII.  Gages  #1,  #3  and  #4  all  indicate  a  decreasing 
compressive  strain  rate  with  load  application.  It  appears  that  a 
facesheet  separated  from  the  honeycomb  core  at  or  shortly  after 
load  application.  IVhen  this  is  compared  with  the  strain  levels 
snown  in  Figure  C.3,  it  appears  that  significant  separation  did 
not  occur  until  after  the  -10  ksi  load  level. 

Figures  C.5  through  C.8  show  the  analytical  strain  contours  at 
an  applied  normal  compressive  stress  of  -10,000  psi  computed  and 


plotted  using  DIAL.  Figure  C.5  is  the  full  quarter  panel  with 
strain  parallel  to  the  applied  load.  This  shows  some  strain 
contours  at  the  top  right  of  the  panel  illustrating  the  effect  of 
not  loading  the  full  width  of  the  top  edge.  Figures  C.5  through 
C.8  (Eps-Y,  Eps-X  and  Eps-XY)  show  the  strains  in  detail  close  to 
the  cutout. 

Panel  RR22  should  have  been  the  most  efficient  reinforcement 
configuration  with  the  best  ratio  of  volume-to-strength.  While 
the  volume  of  reinforcement  was  small,  most  of  it  was  concentrated 
adjacent  to  the  hole  in  the  area  of  highest  stress  concentration. 


Note:  After  this  research  program  showed  preioature  panel 
failure  due  to  facesheet  separation,  two  additional  RR22  panels 
were  fabricated  by  LMSC  using  identical  materials  (a  different 
lot,  however)  and  methods.  They  failed  at  ®  -41.5  and  -33.0 
ksi  or  an  average  104%  of  the  predicted  applied  nozmal  stress  of 
-33.3  ksi. 


V-V. 


(uj/ui)  uieJiS'OJOi^ 


Figure  C.2  Panel  RR22:  Strain  Ccn^arison  Around  the  Cutout. 
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TABLE  XVIII 


PABBL  RR22:  SELECTED  STRAIN  GAGE  VALUES  DURINB  LOAD. 


Load 

(psi) 

Micro- 

■Strain 

Indicated  by 

Gage: 

#1 

#3 

»4 

#15 

1000 

2000 

-126 

-281 

‘Hi 

-2ol 

4000 

-995 

-5  66 

-499 

-449 

6000 

-1470 

-850 

-729 

-701 

8000 

-1891 

-1120 

-924 

-960 

10000 

-2290 

-1387 

-  P 

-1225 

12000 

-2666 

-1645 

-1277 

-1493 

14000 

-3026 

-1900 

-1437 

- 1765 

16000 

-3335 

-2134 

-1568 

-2046 

18000 

-3566 

-2321 

-1661 

-2328 

20000 

-3775 

-2491 

-1742 

-2b08 
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APPQiDIX  D 


PANEL  RR31:  ANALYTICAL  AND  EXPERIMENTAL  DATA 


Panel  RR31  was  reinforced  with  one  round  co-cured  ply  of  G/EP 
around  the  cutout  on  the  outside  of  each  facesheet.  The  rein¬ 
forcement  had  the  following  dimensions: 


Shape: 

Inside  Diameter: 
Outside  Diameter: 
Thickness  ( each } : 
Area  (each  face): 
Total  Volume: 

Net  Cross  Section: 


Round 
1.00  in 
3.60  in 

0.014  in  (1  ply) 
9.39  in^ 

0.263  in^ 

0.073  in^ 


The  panel  failed  at  the  hole  edge  (Type-1)  at  am  applied 
normal  stress  (  <7jj)  of  -28,000  psi,  only  about  78%  of  that 
expected.  Based  strictly  on  the  failure  of  the  unreinforced  panel 
cuid  the  con^juted  stress  concentration  factor  of  2.56  the  predicted 
failure  was  =  -35,700  psi. 

The  finite  element  model  (mesh)  is  shown  in  Figure  D.I.  The 
area  of  round  reinforcement  is  denoted  by  the  area  inside  the  bold 
outline  around  the  cutout. 

Figure  D.2  cortpares  the  analytical  values  of  strain  around  the 
cutout  from  0  =  0*  to  90“  between  the  unreinforced  pauiel  (PO00) 
and  RR31  in  the  Y  and  X  directions  as  well  as  shear  (Eps-Y,  Eps-X 
cuid  Eps-XY).  Table  XIX  lists  these  conputed  strains  around  the 


cutout. 


Figure  D.2  compares  the  finite  element  model  (lines)  and  the 
experimentally  measured  strain  data  (triangles)  of  strain  at  "o ^  = 
-10,000  psi.  It  shows  an  almost  perfect  correlation  between  the 
analytically  predicted  and  experimentally  measured  strain.  The 
edge  of  the  reinforcement  extended  to  1.80"  in  on  the  X  axis. 

This  is  apparent  from  the  figure  as  the  slight  inflection  point 
where  the  strain  begins  increasing  slightly.  The  computed  strain 
field  in  an  unreinforced  panel  (PO00)  is  shown  as  dashed  lines 
(Eps-Y  &  Eps-X).  Table  XX  gives  the  values  of  the  computed  strain 
in  the  Y  and  X  directions  as  well  as  shear. 

Figure  D.4  shows  the  stress-strain  relation  during  the  load 
sequence  from  0  to  -28  ksi.  Experimentally  measured  strain  gage 
values  are  given  in  Table  XXI.  Other  than  a  minor  "glitch"  at 
=  “21  ksi,  no  exceptional  anomalies  were  noted.  Gage  43  at 
X  =  -0.770"  showed  little  increase  in  strain  between  -21  and  -22 
ksi.  This  is  not  reflected  in  any  of  the  other  gage  readings. 

Figures  D.5  through  D.8  show  the  strain  contours  at  an  applied 
normal  stress  of  -10,000  psi  computed  and  plotted  using  DIAL. 
Figure  D.5  is  the  full  quarter  panel  with  strain  parallel  to  the 
applied  load.  As  before,  the  strain  contours  at  the  top  right  of 
the  panel  are  due  to  the  effect  of  not  loading  the  full  width  of 
the  top  edge.  Figures  D.6  through  D.3  (Eps-Y,  Eps-X  and  Eps-XY) 
show  the  strains  in  detail  close  to  the  cutout. 


Computed  Strain  Around  the  Cutout 

10.000  PSI  (Far  Field)  Stress  (  Sy) 

inite  Element  Analysis  Comparison 


(U!/U|) 


Figure  0.2  Panel  RR31:  Strain  Ccxqparison  Around  the  Cutout. 
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PANEL  RR31:  LEPBA  STRAIN  DISTRIBUTION  ALONG  THE  X  AXIS  (-10,000  PSi) 
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Reinforced  Circular  Cutout 


Load  Micro-Stca in  Indicated  by  Gaje: 
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Figure  E.3  compares  the  finite  element  model  (lines)  and  the 
experimentally  measured  strain  data  (triangles)  of  strain  at  (7^  = 
-10,000  psi.  It  shows  very  poor  correlation  between  the 
analytically  predicted  and  measured  strain.  At  least  one  face- 
sheet  separated  from  the  honeycomb  core  over  a  significant  area 
prior  to  the  -10  ksi  test  point.  The  strain  field  at  that  applied 
stress  was  little  more  than  80%  of  that  predicted.  The  computed 
strain  field  in  an  unreinforced  panel  {PO00)  is  shown  as  dotted 
lines  (Eps-Y  &  Eps-X).  Table  XXIII  gives  the  values  of  the  LEFEA 
computed  strain  in  the  Y  and  X  directions  as  well  as  in  shear. 

Figure  E.4  shows  the  stress-strain  relation  during  the  load 
sequence  from  0^  =  0  to  -21.9  ksi  (failure).  Measured  strain 
gage  values  are  given  in  Table  XXIV.  The  strain,  particularly  in 
gages  #3,  #8  and  #14,  indicate  that  the  panel  stiffness  decreased 
from  the  initiation  of  the  load.  The  notable  difference  in  slope 
between  gagas  #3,  #8  and  #14  and  gage  #1  next  to  the  cutout 
indicate  that  the  separation  "bubble"  occurred  away  from  the 
cutout.  Failure  seemed  to  occur  when  the  bubble's  edge  reached 
the  cutout. 

This  type  of  failure  probably  indicates  that  at  least  one 
facesheet  was  improperly  bonded  to  the  honeycomb  core.  Non¬ 
destructive  inspection  before  and  after  testing  did  not  indicate 
unbonded  areas  between  the  facesheet  and  the  core.  I  suspect,  in 
this  and  other  panels  that  failed  in  a  similar  manner,  that  the 
adhesive  was  in  place  but  either  weak  from  an  improper  mixing  or 
aging  or  was  applied  too  thinly. 

Figures  E.5  through  E.8  show  the  strain  contours  at  an  applied 
normal  stress  of  -10,000  psi  computed  and  plotted  using  DIAL,. 
Figure  E.5  is  the  full  quarter  panel  with  strain  parallel  to  the 


applied  load.  As  before,  the  strain  contours  at  the  top  right  of 
the  panel  are  due  to  the  effect  of  not  loading  the  full  width  of 
the  top  edge.  Figures  £.6  through  E.8  (EPS-Y,  EPS-X  and  EPS-XY) 
show  the  strains  in  detail  close  to  the  cutout. 


Computed  Strain  Around  the  Cutout 

10,000  PSl  (Far  Field)  Stress  (  Sy) 

mite  Element  Analysis  Comparison 


Figure  E.2  Panel  RR42:  Strain  Ccnpariscxi  Arcxind  the  Cutout 
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Panel  RR42:  Round  Reinforced  Circular  Cutout 

Far  Field  10,000  PSI  Compressive  Stress  (  Sy) 
Micro-Strain  Along  Horizontal  Axis  of  Symmetry 


PAHKL  RR42:  LEFE^  STIUVIN  DISTRIBUTION  ALONG  THE  X  AXIS  (-10,000  PSI) 
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TABLE  XXIV 

PAHEL  RR42:  SELECTED  STRAIN  GAGE  VALUES  DURING  LOAD. 


Load  Micro-Strain  Indicated  by  Gage: 


(psi) 

#  1 

#3 

#8 

#14 

1000 

-143 

-94 

-63 

-74 

2000 

-3  27 

-227 

-159 

-197 

30  00 

-516 

-361 

-25  ■ 

-306 

4000 

-717 

-502 

-3i 

-423 

5000 

-920 

-645 

-4a  : 

-537 

6000 

-1125 

-788 

-54  1 

-65  4 

7000 

-  1327 

-919 

-6i  a 

-76  1 

8000 

-1522 

-1  038 

-69  ~ 

-860 

9000 

-1710 

-1  146 

-76^ 

-95  1 

10000 

-1890 

-1  250 

-  323 

-1039 

11000 

-2073 

-1  348 

-833 

-1132 

12000 

-2250 

-1446 

-939 

-1210 

13000 

-2425 

-1  540 

-992 

-1293 

14000 

-2603 

-1  634 

-1041 

-1363 

15000 

-276  4 

-1714 

-1035 

-1432 

16000 

-2917 

-1  788 

-1123 

-1492 

17000 

-3065 

-1  855 

-1  156 

-1549 

18000 

-3183 

-1  902 

-1183 

-160  3 

19000 

-34  27 

-1  955 

-1210 

-1t53 

20000 

-3522 

-1  993 

-1  22i» 

-1693 

21000 

-3620 

-2025 

-1241 

-1732 

DNIOIUI  n  1)1 


APPENDIX  F 


PANEL  RE151:  AMALmCAL  AND  EXPERIMENTAL  DATA 

Panel  RR51  was  reinforced  with  one  round  co-cured  ply  of  G/Ep 
in  a  concentric  with  the  cutout  placed  on  the  outside  of  each 
facesheets.  The  reinforcement  had  the  following  dimensions: 


Shape; 

Round 

Inside  Diameter: 

1.00 

in 

Outside  Diameter: 

4.60 

in 

Thickness  (each): 

0.014 

in 

Area  (each  face): 

15.83 

in2 

Total  Volume; 

0.443 

in^ 

Net  Gross  Section: 

0.101 

in^ 

(1  ply) 


The  panel  failed  by  facesheet  separation  and  buc)<:ling  (Type- 
2')  and  was  taken  only  to  an  applied  normal  stress  of  -16,000  psi, 
not  to  total  failure.  The  series  of.  premature  panel  failures  due 
to  facesheet  separation  required  an  intact  panel  for  testing. 
Subsequent  non-destructive  testing  showed  the  separation,  but 
could  not  determine  the  reason  for  it.  It  is  suspected  that  the 
adhesive,  while  properly  applied,  was  not  properly  mixed  or  was 
overage.  Based  strictly  on  the  failure  of  the  unreinforced  panel 
and  the  computed  stress  concentration  factor  of  2.51,  failure  was 
predicted  at  about  “  -36,400  psi. 

The  finite  element  model  (mesh)  is  shown  in  Figure  F.l.  The 
15.83  square  inch  area  of  the  one-ply  reinforcement  is  outlined  by 
the  bold  lines  next  to  the  cutout. 


Figure  F.2  compares  the  three  (finite  element)  computed 
strains  around  the  cutout  between  the  unreinforced  panel  (PO00) 
and  RR51.  These  computed  strain  values  are  listed  in  Table  XXV. 
Note  the  very  significant  decrease  in  the  strain  due  to  the  rein¬ 
forcement  at  the  point  of  highest  stress  concentration  {  6  =  0°) 
compared  to  the  unreinforced  panel.  A  significant  decrease  in  all 
three  strains  can  be  seen  around  the  hole  from  0  to  90  degrees. 

Figure  F.3  compares  the  LEFEA  computed  (solid  and  dashed  lines) 
and  experimental  strains  (triangles)  in  the  Y  and  X  (poisson 
expansion)  directions  in  the  panel  and  shows  that  there  was  a 
great  disparity  between  opposite  sides  of  the  hole  on  the  same 
facesheet.  One  side  showed  much  higher  strain  than  predicted  at 
(7^  =  -10,000  psi.  This  is  due  to  load  transfer  from  the  side 
with  the  buckled  facesheet.  The  edge  of  the  reinforcement  can  be 
seen  in  the  figure  by  the  very  slight  inflection  point  at  x  = 

2.3".  The  effects  of  the  one-ply  reinforcement  is  apparent  in  t.he 
far- fie  Id  as  a  significant  decrease  in  computed  Eps-Y  compared  to 
the  unreinforced  pcinel  (PO00).  Table  XXVI  gives  the  computed 
values  of  the  strains  along  the  X  axis. 

Figure  F.4  shows  the  stress-strain  state  during  the  load 
sequence  from  0  to  -18  ksi.  Experimentally  measured  strain  gage 
values  are  given  in  Table  XXVII.  Gage  #I  and  #4,  on  either  side 
of  the  hole,  show  a  positive  slope  of  the  derivative  Aa/A£  • 

This  is  unusual  and  indicates  some  panel -honeycomb  separation 
close  to  the  hole. 

Figures  F.5  through  F.8  show  the  strain  contours  at  an  = 
-10,000  psi  computed  and  plotted  using  DIAL.  Figure  F.5  is  the 
full  quarter  panel  with  strain  (Eps-Y)  parallel  to  the  applied 
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load.  Figures  F.6  through  F.a  (Eps-Y,  Eps-X  and  Eps-XY)  show  the 
strains  in  detail  close  to  the  cutout. 

The  result  of  the  wide  reinforcement  is  to  effect  a  thicker 
overall  panel.  A  separate  LEFEA  of  a  [02,+45,90,core]g  panel 
without  reinforcement  had  an  almost  identical  strain  field  near 
the  cutout. 


Computed  Strain  Around  the  Cutout 
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Figure  F.2  Panel  RR51:  Strain  Conparison  Around  the  Cutout 
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Panel  RR51:  Round  Reinforced  Circular  Cutout 

Far  Field  10,000  PSI  Compressive  Stress  (  Sy) 
Micro-Strain  Along  Horizontal  Axis  of  Symmetry 
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Figure  F.3  Panel  RR51:  Strain  Ccoparison  Along  the  X  Axis 
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Panel  RR51:  Round  Reinforced  Circular  Cutout 
Micro-Strain  vs  Far  Field  Compressive  Stress 
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Figure  P.4  Panel  RR51:  Microstrain  vs.  Conpressive  Stress. 
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TABLE  XXVII 

PANEL  RR51:  SELECTED  STRAIN  GAGE  VALUES  DURING  LOAD 

Load  aicrc-Straia  Indicated  by  Gage: 


(psi) 

#1 

#4 

#5 

#9 

1000 

-135 

-1  27 

-103 

-117 

2000 

-319 

-3  12 

-20  j 

-239 

3000 

-497 

-534 

-36  1 

4000 

-670 

-6  70 

-4  j  » 

-494 

5000 

-320 

-320 

-5^0 

-6  1 1 

6000 

-963 

-963 

**6 

-735 

7000 

-1  103 

-11  03 

-75-* 

-857 

8000 

-1232 

-1232 

-8o3 

-981 

9000 

-1357 

-1357 

-975 

-  1109 

10000 

-1467 

-1467 

-1089 

-  1238 

1  1000 

-  158  3 

-1583 

-1200 

- 1 3b  4 

12000 

-1684 

-16  84 

-1315 

-  1491 

13000 

-1783 

-1783 

-1426 

-  16  18 

14000 

-1882 

-1832 

-1539 

-1746 

15000 

-1988 

-19  88 

-1657 

-  1876 

16000 

-2032 

-20  32 

-  1769 

-2006 

IN  CUN  I  GUh'i; 
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APPENDIX  G 


PANEL  RSll:  ANALYTICAL  AND  EXPERIMENTAL  DATA 


Panel  RSll  was  reinforced  with  one  square  co-cured  ply  of  G/Ep 
concentric  with  the  cutout  on  the  outside  of  each  facesheet.  The 
reinforcement  had  the  following  dimensions: 


Shape ; 

Square 

Inside  Diameter; 

1.00 

in 

Length  &  Width: 

2.00 

in 

Thickness  ( each ) : 

0.014 

in 

Area  ( each  face ) : 

3.22 

in2 

Total  Volume: 

0.088 

in3 

Net  Cross  Section: 

0.028 

in^ 

The  panel  failed  at  the  hole  edge  (Type-1)  at  an  applied 
normal  stress  of  -31,000  psi,  about  90%  of  the  load  predicted. 
Based  strictly  on  the  failure  of  the  unreinforced  panel  and  the 
computed  stress  concentration  factor  of  2.64,  the  predicted 
failure  was  ~  -34,600  psi. 

The  finite  element  iiiodel  (mesh)  is  shown  in  Figure  G.l.  The 
square  area  of  reinforcement  is  denoted  by  the  heavy  outline 
around  the  cutout. 

Figure  G.2  compares  the  three  (finite  element)  computed 
strains  around  the  cutout  between  the  unreinforced  panel  (PO00) 
and  RSll.  These  computed  strain  values  are  listed  in  Table 
XXVIII. 


Figure  G.3  compares  the  confuted  (solid  and  dashed  lines)  and 
experimentally  measured  (triangles)  strain  along  the  X  axis  in  the 
Y  and  X  (poisson  expansion)  directions  in  the  panel  and  shows  the 
excellent  correlation  between  analytical  and  experimental  strain 
at  =  -10,000  psi.  There  was  some  minor  strain  variation 
between  the  left  and  right  sides  of  the  hole.  Both  are 
represented  in  the  figure  as  strain  gage  values  on  the  right  side. 
The  difference  was  small,  but  visible.  The  outside  edge  of  the 
reinforcement  can  be  seen  in  the  figure  as  an  inflection  point  in 
the  direct  compressive  strain  where  it  begins  increasing  at  x  = 

1.1“.  Table  XXVIX  gives  the  computed  values  of  the  strain  along 
the  X  axis. 

Figure  G.4  is  the  stress-strain  state  during  the  load  sequence 
from  C7^  =  0  to  -30  ksi.  Experimentally  measured  strain  values 
are  given  in  Table  XXX.  Up  to  about  -20  ksi  the  gage  next  to  the 
hole  (x  =  +0.561")  shows  an  almost  linear  stress-strain  relation. 
Gage  at  x  =  -0.737"  shows  the  expected  degree  of  loss  in  local 
stiffness  up  to  -20  ksi  (see  Table  VI,  Figure  5.4  and  section  III 
A. I  for  a  discussion).  Gage  #1  indicates,  starting  at  about  -20 
ksi,  what  at  first  appears  to  be  a  slow  but  continuous  increase  in 
local  stiffness  indicated  by  a  decreasing  strain  rate.  At 
corresponding  stress  values  gage  #4  indicates  an  increasing  strain 
rate.  These  gages  were  on  opposite  sides  of  the  panel.  ''7hat  is 
actually  happening  is  that  ~  right  side  of  the 

panel  is  showing  significant  matrix  degradation  and  the  load  is 
being  transferred  to  the  left  side  of  the  panel  next  to  the  cutout. 
Gage  #1  is  probably  not  indicating  the  true  state  of  strain  under 
its  grid.  Since  the  panel  was  evenly  loaded  and  well  constrained 


the  strain  at  each  side  of  the  cutout  90“  to  the  applied  load 
should  have  been  almost  identical  up  to  failure. 

Figures  G.5  through  G.S  show  the  strain  contours  at  = 
-10,000  psi  computed  and  plotted  using  DIAL.  Figure  G.S  is  the 
full  quarter  panel  with  strain  (Eps-Y)  parallel  to  the  applied 
load.  Figures  G.6  through  G.8  (Eps-Y,  Eps-X  and  Eps-XY)  show  the 
strains  in  detail  close  to  the  cutout. 
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Panel  RS11:  Computed  Strain  Around  the  Cutout 

At  10.000  PSI  (Far  Field)  Stress  (  Sy) 

DIAL  Finite  Element  Analysis  Comparison 
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Figure  G.2  Panel  RSll;  Strain  Ccoparison  Around  the  Cutout 


Theta  (degrees) 


^rnfs)csifM(NfM<NfM  cNrslfMro  ^ 

ooooooooooooooooooooo 

X  I  I  I  I  i  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 

*  X  CdUUUUCUC^HUUUUIUUUM  WUUMU 

^  I  <Nr>*o\oinco(>»rn^o^crioor'»“00^iKT>ooo»” 

S  to  «-r*Of^(NCD»r>3-«-r'<Nr>4(Nor~tnro'Ocor»cs 

SP  Oi  aoo^o<3'oor^o<NOsO»-‘oa'^oc''^r>»<T'vo 

“  Ex)  »-mvOf«»f^if><^^iD»“^CN(N(NrornfN£N^oOEN 

§ooooooooooooe>ooooE30'^o 

I  I  I  I  I  I  I-  I  I  I  I  I  I  ) 


OOOOOOOOOOOOOOOOOOOOO 
I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 

X  ri)(x)Ex)U(MUb)Ei)CL)CUMCxlU(i)MU(x)MWIx)b) 

I  ^M»ao»“»o'0'o^^“l^o^E»>f»1vovooCT^voo^vo^' 
(/)  aocj>o'o<n»<Na\»“0‘Or*in^^rorv»Osi>oo»” 
04  i^(^r’r^rri^r~a3(J\CO~OC^COC^9  -OiTif^O 
ft)  ^^^<T>r'^(NCOt-ENron(Nr-(NtNa'^COO'^ 

ooooooooooooooooooooo 

I  I  I  I  I  I 


rr>  n  ro  E»1  m  If '-O  ^  »  rn  I»)  pr)  rn  CM  EN  (N  (N  tN  EN  CM  EN 


I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 

X  UEqUUMEUUCdUUIDUExIUMUUUUUM 
I  p-<N<Dt*'pnr^(NErt<\)cx5f^cfiirif^oooooN»r^<ri 
£0  r>»»“»“CE3»ENi^»\caoof^cTifmr)or»^EN^»“ 
El,  ji'^a'OENENO»<y>a'ir>i*iENf^r*EN)vao»inr>« 
Ex)  nn(^EN(NT-\or»<N^^fnsOOl«“»“fNENf*1E^EOrn 

OOOOOOOOOOOOOOOO -50000 
I  I  I  I  t  I  I  I  I  I  I  I  I  I  t  I  I  I  I  I  I 


OOOOOOOOOOOOOOOO  -3  0^»"0 
OOOOOOOOOOOOOOOO  -50000 
■a  |4> 

^  Ci)CUb)U)U)UCU'^b)Mb4ix)EdUUtx)  jajCUUM 

o  OEna)<Nincr5inr*un<Nvor*<ncs)or-j5r^<Nno 
o  oorovoin^m  O3-Of*1-»r0^^«- :»OEN<NO 

U  OCT'E7'®P>“OIf<NOCOvntNOvOEN05in^E»0'0 

vn  :f  S' If  :f  ^irrnnrntNCNBN^^»-r'no 

ooooooooooooooooooooo 


0^»-000000000000000000 

ooooooooooooooooooooo 

t_)  -ft  + 

Oi  MWU)»)|x4MU)MtWMEa-llx4U)MMU4EU<x41x)M)U) 

O  om<Nr»<r>eno<NO'r^ofNinm»rn3'u5^ooEno 
o  or)<Nvo»^r^»~rn^no»voinxir>o'^eoo 

Ej  0‘T>®»”in<j5<NO<J'fNineoorM^voP^oo'0'0 

ornr>»-»-»“<N<N<Nrnon;f  f  a-S’if  m 

X  ftttitxtxxtxitxiitxxi 

ooooooooooooooooooooo 


tj  »-EN<mru5voi^eo«7'0^<Nrn»ir)vor^®oio»“ 


1 


Panel  RS11:  Square  Reinforced  Circular  Cutout 

Far  Field  10.000  PSI  Compressive  Stress  (-Sy) 

Micro-Strain  Along  Horizontal  Axis  of  Symmetry 
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Figure  G.3  Panel  RSll:  Strain  Comparison  Along  the 
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Reinforced  Circular  Cutout 
r  Field  Compressive  Stress 


TABLE  XXX 


PAHEL  RSll:  SEl^CTED  STRAIN  GAGE  VALUES  DURING  LOAD 


Load  aicrc-Stra in  Indicated  by  Gage: 


(FSi) 

”#1 

«4 

#7 

#10 

1000 

-  15  1 

-103 

-72 

•85 

2000 

-34  9 

-221 

-217 

-144 

3000 

-587 

-371 

-357 

-240 

4000 

-857 

-554 

-503 

-361 

5000 

-1  123 

-7  40 

-650 

-492 

6000 

-1383 

-925 

-790 

-628 

7000 

-1650 

-11  18 

-930 

-765 

8000 

-1910 

-1308 

-1071 

-905 

9000 

-2  174 

-1500 

-  12  1  0 

-  1044 

1  0000 

-2439 

-1695 

- 1:  . 

-  1187 

1  1000 

-2697 

-1886 

-U  I 

-  1325 

12000 

-2962 

-2081 

-1c  2 

-  1466 

13000 

-3217 

-22  7e 

-  17  '1 

-  1607 

14000 

-3475 

-24  94 

-19  ;j 

-1750 

15000 

-3729 

-26  95 

-20  ,3 

-  1892 

16000 

-3  978 

-29  19 

-21  ,-5 

-2037 

170  00 

-4242 

-3136 

-2337 

-2132 

18000 

-4492 

-33  44 

-2451 

-2330 

19000 

-4  74  4 

-355o 

-2&23 

-2473 

20000 

-4980 

-37  69 

-276o 

-2to21 

21000 

-5229 

-39  38 

-29  10 

-2771 

22000 

-5460 

-42  40 

-3054 

-2922 

23000 

-5666 

-4594 

-3203 

-3078 

24000 

-584  8 

-48  35 

-335^ 

-3233 

25000 

-5  988 

-51  24 

-349-+ 

-  n7<3 

26000 

-6  098 

-5421 

-36^1 

-3533 

27000 

-6403 

-57  73 

-3790 

-3692 

28000 

-6407 

-7431 

-39  5  3 

-3879 

29000 

-6583 

-7731 

-4107 

-4043 

30000 

-6429 

-8081 

-  42  0  4 

-4207 

APPENDIX  H 


PANEL  RS31:  ANALYTICAL  AND  EXPERIMENTAL  DATA 


Peinel  RS31  was  reinforced  with  one  square  co-cured  ply  of  G/Ep 
concentric  with  the  cutout  on  the  outside  of  each  facesheet.  The 
reinforcement  had  the  following  dimensions: 


Shape : 

Inside  Diaiteter: 
Length  &  Width: 
Thickness  ( each ) : 
Area  (each  face): 
Total  Volume: 

Net  Cross  Section: 


Square 
1.00  in 
3.20  in 

0.014  in  (1  ply) 
9.455  in^ 

0.285  in^ 

0.062  in^ 


The  panel  failed  at  the  hole  edge  (Type-1)  at  an  applied 
normal  stress  of  -32,550  psi,  89%  of  the  ultimata  load  predicted. 
3ased  strictly  on  the  failure  of  the  unreinforced  panel  and  the 
computed  stress  concentration  factor  of  2.51,  failure  was 
predicted  at  -;-38,400  psi. 

Tine  finite  element  model  (mesh)  is  shown  in  Figure  H.l.  The 
square  area  of  reinforcement  is  denoted  by  the  bold  lines  next  to 
tne  cutout. 

Figure  H.2  compares  tne  three  (finite  element)  computed 
strains  around  the  cutout  between  the  unreinforced  panel  (PO00) 
and  R331.  These  computed  strain  values  are  listed  in  Table  XX.<I. 

Figure  H.3  compares  the  computed  and  experimental  strains  in 
tne  '{  and  X  (poisson  expansion)  directions  in  the  panel  and  shows 


an  almost  perfect  correlation  between  analytical  and  experimental 
strain  at  =  -10,000  psi.  There  was  virtually  no  strain  varia¬ 
tion  between  the  left  and  right  sides  of  the  hole.  The  edge  of 
the  reinforcement  is  somewhat  difficult  to  see  in  the  Figure  H.3 
as  a  slight  inflection  point  at  about  x  =  1.6".  Table  XXXII  gives 
the  LEFEA  computed  strain  values  along  the  X  axis. 

Figure  H.4  graphically  shows  the  stress-strain  state  during 
the  load  sequence  from  =  0  to  -32  ksi.  The  experimentally 
measured  strain  gage  values  are  given  in  Table  XXXIII.  Up  to 
about  20  ksi  gage  #1  next  to  the  hole  (x  =  +0.553")  shows  an 
almost  linear  stress-strain  relation.  At  or  just  above  -20  ksi, 
however,  there  appears  what  seems  to  be  a  sudden  decrease  in 
strain  rate  on  the  right  side  of  the  cutout  which  just  as  suddenly 
ends  at  -23  ksi  where  the  previous  stress-strain  ratio  resumes. 

I  believe  that  this  is,  instead,  a  transfer  of  very  localized 
stress  (or  the  load  path)  away  from  the  area  next  to  the  cutout  to 
some  other  path  in  the  field  or  possibly  the  opposite  facesheet. 

It  is  important  to  note  that  gage  #2  on  the  left  side  of  the 
cutout  at  X  =  -0.597"  shows  no  corresponding  increase  in  strain 
that  would  De  caused  by  the  transfer  of  load.  Gage  #3  at  x  = 
+0.666"  shows  some  correspondence  with  gage  #1  degree  of  loss  in 
local  stiffness  up  to  -20  ksi.  If  it  were  a  malfunction  of  the 
strain  gage  or  a  partial  debonding  from  the  surface  of  the 
composite  the  strain  rate  would  change. 

Another  anomaly  occurs  at  above  -27  ksi  where  the  "stair¬ 
step"  phenomenon  occurs  again.  Gage  #3  at  x  =  0.666"  reflects 
what  is  occurring  next  to  the  cutout  edge.  This  is  not  true  of 
gages  #6  and  #11  at  x  =  -1.48"  and  2.54"  respectively;  they 
reflect  only  the  expected  stress-strain  relation.  At  -30  ksi  gage 


#1  indicated  a  rapidly  increasing  rate  of  strain  and  subsequently 
failed. 

Figures  H.5  through  H.8  show  the  strain  contours  at  = 
-10,000  psi  computed  and  plotted  using  DIAL.  Figure  H.5  is  the 
full  quarter  panel  with  strain  (Eps-Y)  parallel  to  the  applied 
load.  Figures  H.6  through  H.S  (Eps-Y,  Eps-X  and  Eps-XY)  show  the 
strains  in  detail  close  to  the  cutout. 


PANEL  RS31:  SQUARE  REINFORCEMENT 
PANEL  MESH  LAYOUT 


Computed  Strain  Around  the  Cutout 

10.000  PSI  (Far  Field)  Stress  (  Sy) 
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PANEL  RS31:  LEFEA  STRAIN  DISTRIBUTION  AIDNG  THE  X  AXIS  (-10,000  PSl) 
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Reinforced  Circular  Cutout 
r  Field  Compressive  Stress 


TABLE  XXXIII 


PANEL  RS31:  SELECTED  STRAIN  GACS  VALUES  DURING  LOAD. 


lad 

li) 


'0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

_ 0 

31000 

32000 

32500 


#1 


-23  4 
-485 
-74  2 

-  1003 
-1264 

-  1534 
-1810 
-2090 
-2382 
-268  1 
-2979 
-3281 
-3600 
-3393 
-4208 
-4520 
-433  7 
-5074 
-537  7 
-567  7 
-574  4 
-5590 
•5658 
-594  0 
•6222 
•6430 
■0748 
■6817 
■7055 
■6252 

n/a 

n/a 

n/a 


Micro-Stcain  Indicataa  jy  Sage: 


#3 


-207 

-420 

-642 

-860 

-1077 

-1301 

-1533 

-1767 

-2012 

-2263 

-2544 

-2823 

-3125 

-3389 

-3672 

-3960 

-4230 

-4522 

-4779 

-5065 

-5336 

-5606 

-5899 

-6144 

-6389 

-6680 

-6977 

-6903 

-7164 

-7454 

-7927 

-8343 

-8533 


^6 


-  153 
-313 
-473 
-645 
-811 
-982 
-1 1o2 
-1341 
-1526 
-1719 
-1907 
-2098 
-2300 
-2485 
-2684 
-2881 
-3033 
-3265 
-3492 
-36  96 
-3874 
-4000 
-4104 
-4298 
-4467 
-4651 
-4832 
-4876 
-5084 
-5432 
-5657 
-5672 
-4949 


-107 
-219 
-330 
-441 
-547 
-657 
-770 
-386 
-1006 
-1131 
-1253 
-1375 
-1505 
-1624 
-1753 
-1878 
-2002 
-2  131 
-2^56 
-2363 
-2509 
-2635 
-2765 
-2894 
-3017 
-3  148 
-3278 
-3356 
-3  *+  80 
-3602 
-3743 
-3871 
-3532 


#11 


-  102 
-213 
-33  0 
-4  5  1 
-572 
-69  6 


-953 

-1Q65 

- 1  2 1  3 

-1352 

-1487 

-163  0 

-1757 

-1895 

-2C34 

-2171 

-2310 

-2449 

-2539 

-2728 

-2  3o8 

-3010 

-3153 

-3292 

-3438 

-  3573 

-3716 

-3  86  1 

-4004 

-4  178 

-4327 

-4417 
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APPEJIDIX  I 


PANEL  RS51:  ANALYTICAL  AND  EXPERIMENTAL  DATA 


Panel  RS51  was  reinforced  with  one  square  co-cured  ply  of  G/Ep 
concentric  with  the  cutout  on  the  outside  of  each  facesheet.  The 


reinforcement  nad  the  following 

dimensions: 

Shape: 

Square 

Inside  Diameter: 

1.00 

in 

Length  &  Widtn: 

4.10 

in 

Thickness  ( each ) : 

0.014 

in 

Area  ( each  face ) : 

I0.025 

in2 

Total  Volume: 

0.449 

in^ 

Net  Cross  Section: 

0.087 

in2 

The  panel  failed  at  the  hole  edge  (Type-1)  at  an  applied 
normal  stress  of  aoout  -16,000  psi.  Based  strictly  on  the  failure 
of  the  unreinforced  panel  and  the  computed  stress  concentration 
factor  of  2.46,  however,  the  failure  should  have  been  close  O  ^  = 
-37,000  psi. 

The  finite  element  model  (mesh)  is  shown  in  Figure  I.L.  The 
square  area  of  reinforcement  is  denoted  by  the  neavy  outline 
around  the  cutout. 

Figure  1.2  compares  the  three  (finite  element)  computed 
strains  around  the  cutout  between  the  unreinforced  panel  (PO00) 
and  RS51.  These  computed  strain  values  are  listed  in  Table  XXXIV. 

Figure  1.3  compares  the  computed  (solid  and  dashed  lines)  and 
experimental  (triangles)  strains  in  the  Y  and  X  (poisson 


expansion)  directions  in  the  panel  and  shows  excellent  correlation 
between  analytical  and  experimental  strain  at  -10,000  psi  applied 
normal  stress.  There  was  some  minor  strain  variation  between  the 
left  and  right  sides  of  the  hole.  The  edge  of  the  reinforcement 
is  very  difficult  to  see  in  the  figure  as  a  very  slight  inflection 
point  at  about  x  =  2.0".  Table  XXXV  gives  the  cuialytical  strain 
values  along  the  X  axis. 

Figure  1.4  graphically  shows  the  stress-strain  state  during 
the  load  sequence  from  =  0  to  -21  ksi.  Experimentally 
measured  strain  gage  values  are  given  in  Table  XXXVI.  Up  to  about 
-16  ksi  gage  #1  next  to  the  hole  (x  =  +0.553")  shows  the  expected 
almost  linear  stress-strain  relation.  However,  just  above  = 
-16  ksi  up  to  -19  ksi  there  begins  a  apparent  loss  in  stiffness  on 
the  right  side  of  the  cutout  which  suddenly  ends  at  -19  ksi  where 
the  strain  next  to  the  cutout  drops  to  almost  zero.  Llote  that 
gage  43  on  the  right  side  of  the  cutout  at  x  =  0.666"  snows  no 
corresponding  increase  in  strain  that  would  be  caused  by  an 
increase  in  local  stress  near  the  cutout  due  to  a  shift  in  the 
load  path.  Gages  #5  and  #11  at  x  =  1.44"  and  -2.76"  respectively 
reflect  only  the  expected  stress-strain  relation.  Tnis  can  be 
explained  by  gages  #1  and  3  showing  the  effect  of  a  gage  under 
compression  when  the  facesheet  under  it  suddenly  buckles  outward. 
The  result  was  a  near  zero  strain  indication.  It  is  difficult  to 
see,  but  there  is  an  appreciable  increase  in  strain  rate  indicated 
in  gages  #5  and  #11  at  =  -20  ksi.  This  confirms  that  there  is 
a  sudden  increase  in  load  in  an  area  relatively  far  from  the 
cutout,  just  as  would  be  expected  when  the  material  close  to  the 
cutout  begins  to  fail  and  the  load  paths  are  displaced  away  from 
it  increasing  the  stain  in  the  far- fie  Id. 


rV 


Figures  1.5  through  1.8  show  the  strain  contours  at  = 
-10,000  psi  computed  and  plotted  using  DIAL.  Figure  1.5  is  the 
full  quarter  panel  with  strain  (Eps-Y)  parallel  to  the  applied 
load.  Figures  1.6  through  1.8  (Eps-Y,  Eps-X  and  Eps-XY)  show  the 
strains  in  detail  close  to  the  cutout. 


PANEL  RS51  SQUARE  REINFORCEMENT 
PANEL  MESH  LAYOUT 


Computed  Strain  Around  the  Cutout 

10.000  PSI  (Far  Field)  Stress  (  Sy) 


Figure  1.2  Panel  RS51:  Strain  Conparison  Around  the  Cutout 
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Panel  RS51:  Square  Reinforced  Circular  Cutout 

Far  Field  10,000  PSi  Compressive  Stress  (  Sy) 
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Figure  1.4  Panel  RS51:  Microstrain  vs.  Corpressive  Stress 


TABLE  XXXVI 


PAHEL  RR51:  SELEXTTED  STRAIN  GAGE  VALUES  DURING  LOAD 


Load  .'licrc-Stra in  Indicated  by  Gage: 


(psi) 

#1 

#  7 

#  5 

#  .1 

1000 

-189 

-145 

-94 

-65 

2000 

-419 

-3  13 

-215 

-203 

3000 

-636 

-4  86 

-333 

-319 

4000 

-85  3 

-657 

-455 

-433 

500C 

-106  1 

-320 

-5  75 

-557 

6000 

-1277 

-995 

-7  13 

-679 

7000 

-  1  49  3 

-1170 

-847 

-793 

8000 

-1723 

-1351 

-933 

-921 

9000 

-1960 

-1539 

-1U 

-  1050 

10000 

-2  194 

-17  25 

-12c  • 

-  1175 

11000 

-2437 

-19  12 

-  ?4  V  - 

-  1299 

12000 

-2687 

-2102 

-1541 

-1427 

13000 

-2  92  9 

-2291 

-167> 

-1551 

14000 

-3182 

-24  82 

-18  01 

-  1o30 

15000 

-3430 

-26  75 

-19j  1 

-  1307 

16000 

-3715 

-28  80 

-  20  00 

-1937 

17000 

-4470 

-3103 

-  2206 

-2070 

18000 

-4856 

-3322 

-2349 

-2203 

19000 

-5526 

-3595 

-2507 

-2333 

20000 

-1309 

-2480 

-2600 

-2471 

21000 

-93  3 

-3  23 

-  23  60 

-  26  1  9 

IhJLL 


APPENDIX  J 


PANEL  RHll:  ANALYTICAL  AND  EXPERIMENTAL  DATA 


Panel  RHll  was  reinforced  with  one  co-cured  ply  of  G/Ep  in  the 
shape  of  two  strips  on  either  side  of  the  cutout  on  the  outside  of 
each  facesheet  offset  0.50  inch  from  the  edge  of  the  cutout.  The 
reinforcement  had  the  following  dimensions; 


Shape: 

Length: 

Width; 

Thickness  (each): 
Area  (each  face): 
Total  Volume: 
i;Tet  Gross  Section; 


Strip 
1.57  in 
1.00  in 

0.014  in  (1  ply) 
3.14  in^ 

0.088  in^ 

0.056  in^ 


The  panel  failed  at  the  hole  edge  (Type-1)  at  an  applied 
normal  stress  of  -29,960  psi.  Based  strictly  on  the  failure 

of  the  unreinforced  panel  and  the  computed  stress  concentration 
factor  of  3.02  (which  was  very  slightly  higher  than  the  unrein¬ 
forced  panel),  failure  was  predicted  at  <J  =  -30,200  psi.  The 
panel  failed  within  0.6%  of  the  predicted  ultimate  load. 

The  finite  element  model  (mesh)  is  shown  in  Figure  J.l.  Tne 
area  of  the  strip  reinforcement  is  outlined  by  the  heavy  lines 
offset  0.50  inch  to  the  right  of  the  cutout  edge. 

Figure  J.2  compares  the  three  (finite  element)  computed 
strains  around  tne  cutout  between  the  unreinforced  panel  (PO00) 
and  RHll.  These  computed  strain  values  are  listed  in  Table 


XXXVII.  There  is  no  significant  decrease  in  the  strain  due  to  the 
reinforcement.  A  very  slight  increase  may  be  seen  in  Eps-Y  near 
the  0  degree  position  (on  the  X  axis).  This  increase  in  strain  is 
due  to  the  shifting  of  load  paths  to  either  side  of  the  reinforce¬ 
ment.  The  slight  load  path  shift  toward  the  cutout  acted  to 
slightly  increase  the  SCF. 

Figure  J.3  compares  the  computed  and  experimental  strains  in 
the  X  and  Y  (poisson)  directions  in  the  panel  and  shows  almost 
perfect  correlation  between  analytical  and  experimental  strain  at 

=  -10,000  psi.  There  was  virtually  no  measured  strain 
variation  between  the  left  and  right  side  of  the  hole.  The  edge 
of  the  reinforcement  Ccin  not  be  seen  in  the  figure;  the  effects  of 
reinforcejnent  is  a  decrease  around  the  reinforcement  and  a  subtle 
increase  near  the  hole  and  in  the  far  field  (where  x  =  2.50") 

compared  to  the  unreinforced  panel  (PO00).  Taole  XXXVIII  gives 
the  computed  values  of  the  strains  along  the  X  axis. 

Figure  J.4  shows  the  stress-strain  state  during  the  load 
sequence  from  0  to  -29  ksi.  Experimentally  measured  strain  values 
are  given  in  Table  XXXIX.  Up  to  —23  ksi  all  gages  indicated  a 
normal  stress-strain  state.  From  -23  ksi  there  was  a  dramatic 
change;  first  gages  #1  and  #2  showed  a  load  transfer  from  the  area 
next  to  the  right  edge  of  the  cutout  to  the  left  side.  Then 
suddenly  the  roles  were  reversed  and  gage  #2  (x  =  -0.533") 
indicated  a  load  transfer  to  the  right  side  of  the  cutout.  Gage 
#l  (x  =  +0.563")  shows  a  tremendous  strain  increase,  off  the  scale 
on  Figure  J.4,  as  high  as  12,800  microstrain  (Table  XXXIX).  The 
effect  of  the  load  transfer  is  apparent  on  gage  #6  (x  =  +0.681); 
it  reflects  the  increased  load  away  from  the  cutout  edge  on  the 
right  side  of  the  hole.  It  appears  that  the  fibers  on  the  right 


side  of  the  cutout  began  to  buckle  on  the  micro-mechanical  level 
very  near  the  edge. 

Figures  J.5  through  J.S  show  the  strain  contours  at  CT  ^  = 
-10,000  psi  computed  and  plotted  using  DIAL.  Figure  J.S  is  the 
full  quarter  panel  with  strain  (Eps-Y)  parallel  to  the  applied 
load.  Figures  J.6  through  J.a  (Eps-Y,  Eps-X  and  Eps-XY)  show  the 
strains  in  detail  close  to  the  cutout. 


PRNEL  RHll  STRIP  REINFORC 
PRNEL  MESH  LRYOUT 


Panel  RH11:  Computed  Strain  Around  the  Cutout 

At  10.000  PSt  (Far  Field)  Stress  (  Sy) 

DIAL  Finite  Element  Analysis  Comparison 
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Figure  J.2  Panel  RHli:  Strain  Conparison  Around  the  Cutout 
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panel  BHil:  LEFEA  STRAIN  DISTRIBOTIQN  AROUND  THE  CUTOOT  (-10,000  PSI) 
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p  Reinforced  Circular  Cutout 

0  PSI  Compressive  Stress  (  Sy) 
ng  Horizontal  Axis  of  Symmetry 


!>< 

H 

1 

CO 

& 

04 

1 

* 

0 

1 

1 

CO 

s< 

3 

1 

CO 

Oi 

M 

^3'ioir>ininiri^^votnvni»iriritnLnir>mvn'0'Cir>.o\or*-r'r«r'r«f^ 
OOOOOOOO0OOOOOOO0CS0O00C3OOOO0O0O 
»  I  I  t  I  I  I  I  I  I  i  I  I  I  I  I  I  t  I  t  I  I  I  I  I  >  I  I  I  I  I  I 
X  UCOrgtiJMBawMCdCiJUMMMUHlOUIUUUUIUUUUCdUCdUU 
I  ao<x>oooor^f»>o'^Neovo«fNrr)»o^{N^.l^(ooo  <0  »P»00'0» 


O'^'SOOOOOOOOOOOOOOOOOOOOSOOOOOOO 
I  I  I  I  I  I  I  I  I  I  I  I 

3000000000QOOOOOOOOOOOOOOOOOOOO 
I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 

(•.lU;  }UWMWUW(LlWUM»UC[]UCOMrdCdMWUUU[>.1UIUMU 
r»  1.0  ino  ^  m  <»1  CT>  00  <N  vO«- (N  ro  ^  m  ^  O  vC  O  S' •“  O  fM  tT' <N  (N  (N 

.0  J  cn  r- vO  CT»  rn  r*  OM^  00 :»  fNO\«^  O  (TifO  O' 00  CT»  ^  ITn“  »  lO  ao  IT)  fN 


00 '300000000000000000000  0000  30003 


(N(N<N(NrMfNfN<N<N<N<N(N<N<NrM(Mf\»fN(MCNtN(NrMCslPsl<Nrs4(NCM(NCs| 
O-OOOOOOOOQOOoOOOOOi-iOOOOoOOOOOO 
I  I  I  (  I  (  I  I  *  I  I  I  f  I  I  I  t  I  I  I  I  I  I  I  I  I  I  I  I  I  I 
WOOCiaWMCdUliaMUMMbaUUMUMCklUCqUUMUMbaWUCqU 
^ o  00  ^  vO  O  00  a  o  (N  !>. :» in  O' O  O' O  O  >.0  O  ^  S’ <N  0  V©  vO  O  O' ^ 
.00  n  :»<Nooinooo^u'»oayvoao»'— oor'Jor^^^»“0'r»-ino(NfN 
(NO  "iOr*OO0'r*v0iAin.^r0<N<NfNl(NfN{NfMCMr0OO(N(N<Nrs»fNfN 


U3  no<N(N(N* 


00  -^0000000000000000000000000000 
II  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 

OOOOOOQOOOQOOOOOOOOOOOOOOOOOOOO 

0000000000000000000000000000000 

o 

ifi  caMW(4Uua4Ub]MMUC4C4IUU:i4UU)UUWMMUb4UMUU4U 

O  ooooooooooooooooooooooooooooooo 
O  ooooooooooooooooooooooooooooooo 
u  0000000000000000000000000000000 
0000000000000000000000000000000 

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 


OOOOOOOOOOOOt- y  !■  f  ^1  ■  I  III"! 

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

a 

oa  MMU4WMU4tMU4WWWMWWU4MU4WMWWMMMWU4WWWWPM 
o  OOOOOOoOOOOOO'TIOinOlT'O'DOOOOOOOOOinO 

o  oinomooooooooo<Nmr~o(Ninr»oinoinoinovnorsjiD 

u  OfNinr>oino«noino'/'o»”rsiroin\or*eoo{Ninr^oojir»i^o»-(N 
vninminvovor*‘p*oo®a'‘^''— ^»-r-^»“»-^rMtN(NrMrofnrfir3^^» 

X  . . . 

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 


M  »-cNn.3'in'or^<»o'o^<Nfn»mvop*ooCT'0»-«'<ri^inor'ooo'0*- 
Q  {NfOin'O<O<7'»-fN^vO00<7»»-»-»-»“»-'— »-(N<N(N(NfMrM(NtNfMr'mO 
O  r“»”^»”»“»”r'l<NCN<N(NCNr'H'<CNC'<fN<Nr'ir'l<Nr'ir><CN<N 


Panel  RH11;  Strip  Reinforced  Circular  Cutout 


. >•+^ . ■ 

<R 

I  -4 


oe  9Z  OZ  SI  01  9  0 

(isd  OOOL)  ss&ns  3A!SS8JduJO0  pajiddy 


Figure  J.4  Peuiel  RHll:  Microstrain  vs.  Coopressive  Stress 
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PANEL  RHll:  SELECTED  STBAIN  GAGE  VALUES  DURING  LOAD. 


Load 

(psi) 

Micxc-Strain 

Indicated 

by  Gage: 

#  1 

#2 

»3 

*3 

#13 

1000 

-275 

-226 

-194 

-87 

-78 

2000 

-569 

-497 

-402 

-  198 

-1S4 

3000 

-8  61 

-768 

-608 

-314 

-320 

4000 

-1164 

-1048 

-820 

-432 

-43  Z 

5000 

-1466 

-1327 

-1031 

-551 

-579 

6000 

-1772 

-1606 

-1244 

-669 

-702 

7000 

-20  78 

-1889 

-1459 

-786 

—3  3  6 

8000 

-23  9  9 

-2185 

-168  1 

-910 

-97  1 

9000 

-271  1 

-2475 

-1902 

-1031 

-  1 1  0  1 

10000 

-30  2  5 

-2769 

-2121 

-1150 

-  1232 

11000 

-334  1 

-3066 

-2341 

-1270 

-1564 

12000 

-36  70 

-3376 

-2572 

-1396 

-  1499 

13000 

-39  87 

-3677 

-2792 

-1518 

-  1o34 

14000 

-4315 

-3983 

-3025 

-1642 

-1770 

15000 

-46  4  4 

-4303 

-3275 

-1767 

-1908 

16000 

-4975 

-4622 

-3439 

-1892 

-2044 

17000 

-5302 

-5043 

-3720 

-2015 

-2179 

18000 

-56  20 

-5389 

-3948 

-2142 

-2318 

19000 

-5956 

-5741 

-4192 

-2269 

-2453 

20000 

-62  93 

-0060 

-4432 

-2394 

-2590 

21000 

-66  26 

-6376 

-4670 

-2517 

-2731 

22000 

-69  77 

-6725 

-4920 

-2643 

-2869 

23000 

-7311 

-7066 

-5166 

-2770 

-3006 

24000 

-74  2  7 

-7443 

-5573 

-2899 

-3148 

25000 

-79  5  6 

-7778 

-5862 

-3027 

-3232 

26000 

-12134 

-7601 

-6783 

-3  153 

-  342  5 

27000 

-12299 

-7516 

-7106 

-3285 

-3567 

28000 

-12543 

-7430 

-7423 

-341  1 

-3708 

29000 

-  12867 

-7615 

-7732 

-3543 

-3854 
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Figure  J.5  Panel  RHll:  Eps-Y  FEA  Ckxitours* 
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Figure  J.6  Panel  RHll:  Eps-Y  FEA  Contours  Neeur  the  Cutout. 
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APPENDIX  K 


PANEL  RH22:  ANALYTICAL  AND  EXPERIMENTAL  DATA 

Panel  RH22  was  reinforced  with  two  co-cured  plies  of  G/Ep  in 
the  shape  of  two  strips  on  either  side  of  the  cutout  on  the 
outside  of  each  facesheet  offset  0.50  inch  from  the  edge  of  the 
cutout.  The  reinforcement  had  the  following  dimensions: 


Shape: 

Strip 

Length: 

1.57 

in 

Width: 

1.00 

in 

Thickness  ( each ) : 

0.028 

in 

Area  (each  face); 

3.14 

in2 

Total  Volume: 

0.176 

in^ 

Net  Cross  Section: 

0.112 

in2 

The  panel  failed  at  the  hole  edge  (Type-l)  at  an  applied 
normal  stress  of  -31,460  psi.  Based  strictly  on  the  failure  of 
the  unreinforced  panel  and  the  computed  stress  concentration 
factor  of  2.91,  the  predicted  failure  was  =  -31,500  psi.  The 
actual  failure  was  within  0.4^;  of  the  predicted  ultimate  load. 

The  finite  element  model  (mesh)  is  shown  in  Figure  K.l.  The 
area  of  the  strip  reinforcement  is  outlined  by  the  heavy  lines 
offset  0.50"  to  the  right  of  the  cutout's  edge. 

Figure  K.2  compares  the  three  (finite  element)  computed 
strains  around  the  cutout  between  the  unreinforced  panel  (PO00) 
and  RH22.  Tnese  computed  strain  values  are  listed  in  Table  .<XXX. 
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There  is  only  a  small  decrease  in  the  strain  due  to  the 
reinforcement . 

Figure  K.3  compares  the  computed  (solid  and  dashed  lines)  and 
experimentally  measured  (triangles)  strains  in  the  X  and  Y 
(poisson)  directions  in  the  panel  and  shows  an  excellent 
correlation  between  analytical  and  experimental  strain  at  -10,000 
psi  applied  stress.  There  was  some  very  slight  measured  strain 
variation  between  the  left  and  right  side  of  the  hole.  The  exact 
edge  of  the  reinforcement  can  not  be  seen  in  the  figure.  The 
effects  is  a  significant  strain  decrease  (compared  to  the  unrein¬ 
forced  panel,  PO00)  under  the  reinforcement,  a  small  decrease  near 
the  hole  and  a  slight  increase  in  the  far  field  (where  x  = 

2.50").  Table  XLI  gives  the  computed  values  of  the  strains  along 
the  X  axis. 

Figure  X.4  shows  the  stress-strain  state  during  the  load 
saguence  from  =  0  to  -30  Xsi.  Experimentally  measured  strain 
gage  data  are  given  in  Table  XLII.  Up  to  about  -9  Xsi  all  gages 
indicated  a  normal  stress-strain  state.  At  -9  ksi  gage  #1  (x  = 
+0.570")  began  showing  decreasing  reaction  to  the  applied  load. 

At  -18  ksi,  which  coincided  with  the  first  audible  ply  failure 
(FAPF),  the  strain  at  gaga  #1  showed  virtually  no  change  up  to  -22 
ksi.  At  -23  ksi,  however,  the  strain  suddenly  doubles  from  3100 
to  6500 fie  and  resumes  its  normal  stress-strain  ratio.  At  -9  ksi 
it  appears  that  the  load  path  is  being  diverted  away  from  the 
right  side  of  the  cutout  to  the  left.  Gage  #2  (x  =  -0.614") 
demonstrates  an  increased  strain  rate  from  -9  to  -25  ksi  when  it 
increases  significantly.  Gage  #1  failed  above  -27  ksi  at  about 
10,000M*  while  Gage  #2  continued  to  give  reliable  output  up  to 
almost  12,000/i£.  It  can  be  assumed  from  the  response  of  gages  in 


the  far-field  that  the  stress-strain  response  of  the  panel  as  a 
whole  remained  constant  with  a  slight  decrease  in  stiffness  with 
increased  loads.  The  response  of  the  facesheets  close  to  the 
cutout  show  a  very  different  response.  It  appears  that  there  is  a 
significcint  transfer  of  load  from  one  side  of  the  cutout  to  the 
other  and  to  the  opposing  facesheet. 

Figures  K.5  through  K.a  show  the  strain  contours  at  = 
-10,000  psi  computed  and  plotted  using  DIAL.  Figure  K.5  is  the 
full  quarter  panel  with  strain  (Eps-Y)  parallel  to  the  applied 
load.  Figures  K.6  through  K.a  (Eps-Y,  Eps-X  and  Eps-XY)  show  the 
strains  in  detail  close  to  the  cutout. 


PRN!-:l  RH22  STRIP  REINFORCEMENT 
PfiNEL  MESH  LRYOUT 


Figure  K.l  Panel  RH22:  DIAL  Finite  Elanent  Mesh. 
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Panel  RH22:  Strip  Reinforced  Circular  Cutout 

Par  Field  10.000  PSI  Corrtpressive  Stress  (  Sy) 
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Figure  K.3  Panel  RH22x  Strain  CcnfiariBon  Along  the  X  Axis 
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Reinforced  Circular  Cutout 
iT  Field  Compressive  Stress 


6000  8000  10000 
Strain  (in/in) 


TABLE  XLII 
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PANEL  {0122:  SELECTED  STRAIN  GAGE  VALUES  DURING  LOAD. 


Load 

;^icrc-Strain 

Indicate! 

by  Gdje: 

(psi) 

#  1 

#2 

#3 

#6 

41  • 

1000 

-208 

-208 

-163 

-80 

-9  9 

2000 

-4  19 

-417 

-326 

-163 

-209 

3000 

-6  4  5 

-642 

-507 

-254 

-32  4 

4000 

-336 

-875 

-69  4 

-343 

^  4 

5000 

-1123 

-1115 

-684 

-44  1 

-56  ; 

6000 

-136  1 

-1346 

—  1 0o  7 

-  53  4 

-0  £  j 

7000 

-1592 

-1578 

-1252 

-624 

-7  9  4 

3000 

-1325 

-1819 

-144  1 

-717 

-90c 

9  000 

-1963 

-2060 

-1636 

-810 

-1025 

10  000 

-2129 

-2411 

- 1 33  3 

-  90  6 

-  1 1  3  5 

110  0  0 

-22  6  0 

-2o93 

-  2  0  3  6 

-99  3 

-1254 

12  0  0  0 

-2403 

-2992 

-2244 

-  1 0  9  3 

-13  7  5 

1  3  000 

-25  96 

-3292 

-2449 

-  1  1 9  5 

-  1 4  9  7 

U  OOO 

-2765 

-3o4o 

-2oo2 

-  1  2  9  5 

-  1 0  2  2 

15  0  0  0 

^  A  ^ 

•^2^  0  ^ 

-3956 

-2875 

-13^6 

-1743 

1o  OOO 

-jO  0  7 

-4290 

-3093 

-  1  499 

-18  7^ 

17000 

-3173 

-45  3-3 

-3311 

-  1  fc  0  0 

-  1  '9  9  6 

1 3  0  0  0 

-32  4  7 

-492o 

-3533 

-1702 

-2121 

19  0  00 

-31  27 

-5253 

-3772 

-  1  303 

-2^51 

20  00  0 

-32  24 

-550  3 

-399  1 

-  1908 

-2377 

21000 

-3237 

-5736 

-4225 

-2013 

-25O7 

220  00 

-30  84 

-o057 

-4492 

-2115 

-  2  0  3  0 

23000 

-64  3  3 

-6379 

-4808 

-2224 

-27  0  5 

24000 

-7093 

-6  724 

-506  7 

-2329 

“  Zc 9  3 

25000 

-7745 

-7154 

-5336 

-24 

-2022 

26  0  00 

-3553 

-9133 

-5t12 

-  2  5  4  9 

-316° 

27000 

-9455 

-9o65 

-5386 

-  i  c  5  5 

-329c 

23000 

a /a 

-10442 

-6o53 

-27d8 

-343  4 

z9  000 

n/a 

-11015 

-7014 

-2o73 

-357  1 

2  0  0  0  0 

a /a 

-11548 

-7327 

-2  98  3- 

-  3  7  0  0 
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APPENDIX  L 


PANEL  RH31:  ANALYTICAL  AND  EXPERIMENTAL  DATA 


Panel  RH31  was  reinforced  with  one  co-cured  ply  of  G/Ep  in  the 
shape  of  two  strips  on  either  side  of  the  cutout  on  the  outside  of 
each  facesheet  offset  0.50  inch  from  the  edge  of  the  cutout.  The 
reinforcement  had  the  following  dimensions: 


Shape: 

Length: 

Width: 

Tnickness  (each): 
Area  (each  face): 
Total  Volume; 

Net  Cross  Section: 


Strip 
4.70  in 
1.00  in 

0.014  in  (1  ply) 
9.40  in^ 

0.263  in^ 

0.056  in^ 


nie  panel  failed  by  facesheet  separation  and  buc<ling  (Type-2) 
at  an  applied  normal  stress  of  -21,500  psi  (^n^*  Based  strictly 
on  the  failure  of  the  unreinforced  panel  and  the  computed  stress 
concentration  factor  of  2.82,  the  predicted  failure  was  at  O  ^  - 
-32,400  psi.  Tne  panel  failed  at  33.6%  less  than  the  predicted 
ultimate  load. 

The  finite  element  model  (mesh)  is  shown  in  Figure  L. I.  The 
area  of  the  strip  reinforcement  is  outlined  by  the  heavy  lines 
0.50  inch  to  the  right  of  the  cutout's  edge. 

Figure  L.2  compares  the  three  (finite  element)  computed 
strains  around  the  cutout  between  the  unreinforced  panel  (PO00) 
and  RH3L.  These  computed  strain  values  are  listed  in  Taole  XLIII. 


There  was  only  a  small  decrease  in  the  computed  strain  near  the 
cutout  due  to  the  reinforcement. 

Figure  L.3  compares  the  computed  (solid  and  dashed  lines)  and 
experimental  (triangles)  strains  in  the  X  and  Y  (poisson)  direc¬ 
tions  in  the  panel  and  shows  almost  perfect  correlation  between 
analytical  and  experimentally  measured  strain  at  -10,000  psi 
applied  normal  stress.  There  was  virtually  no  strain  variation 
between  the  left  and  right  side  of  the  hole.  The  edge  of  the 
reinforcement  can  not  be  seen  in  the  figure.  The  effect  of  rein¬ 
forcement  is  a  relatively  small  decrease  in  strain  from  the  edge 
of  the  cutout  out  to  about  x  =  3.0".  Table  XLI\7  gives  the 
computed  values  of  the  strains  along  the  X  axis. 

Figure  L.4  shows  graphically  the  stress-strain  state  during 
the  load  sequence  from  =  0  to  -21  ksi.  Strain  gage  values  are 
given  in  Table  XLV.  Up  to  0^^  =  -12  ksi  all  gages  indicated  a 
fairly  normal  stress-strain  relation.  At  that  point  up  to  -13  ksi 
gage  42  demonstrated  virtually  no  strain  increase.  At  -13  ksi 
gage  #1  (x  =  +0.572")  suddenly  indicated  a  strain  decrease  from 
3900  to  6200 fie.  cind  then  an  llOOfie.  increase  at  -19  ksi.  From 
there  it  remained  steady  at  about  1250  fie  to  failure  at  = 
-21,500  ksi.  Above  -13  ksi  gage  #2  showed  a  steady  decrease  in 
strain  whicn  most  probably  indicated  a  separation  of  the  facesheet 
from  the  core  directly  under  the  gage.  As  the  load  increased  the 
facesheet  buckled  more  and  the  indicated  strain  decreased.  This 
panel  shows  how  useful  it  would  have  been  to  instrument  both 
facesheets  of  the  panel  to  measure  load  transfer  between  them. 

Figures  L.5  through  L.8  show  the  strain  contours  “  -10,000 
psi  computed  and  plotted  using  DIAL.  Figure  L.5  is  the  full 
quarter  panel  with  strain  (Eps-Y)  parallel  to  the  applied  load. 


Computed  Strain  Around  the  Cutout 
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TABLE 

XLV 

■1  '  » 

PANEL 

RH31: 

SELECTED  STRAIN  GAGE  VALUES  DURING 

LOAD. 

■**1. 

Load 

Micro-Strain 

Indicated 

by  Gage: 

(pSl) 

#1 

#2 

#3 

#3 

<^13 

1000 

>496 

-267 

-207 

-131 

-116 

2000 

-1005 

-527 

-407 

-245 

-217 

r- 

3000 

-1475 

-777 

-539 

-365 

-235 

4000 

-1964 

-1036 

-777 

-492 

-4c  3 

5000 

-24  77 

-1292 

-970 

-617 

-589 

6000 

-29  86 

-1553 

-1  168 

-743 

-7  15 

7000 

-34  52 

-1644 

-1571 

-872 

-348 

c'v 

8000 

-39  59 

-1860 

-1577 

-1009 

-987 

9000 

-4526 

-2100 

-1806 

-1162 

-1143 

V  . 

10000 

-50  15 

-2364 

-2012 

-1302 

-1285 

'vS 

11000 

-55  51 

-2b26 

-2233 

-1457 

-  144  1 

12000 

-5962 

-2809 

-2468 

-  1618 

-1601 

13000 

-6501 

-2667 

-2705 

-1782 

-  1765 

14000 

-7336 

-2732 

-2989 

-1952 

-1931 

W— r 

15000 

-78  6  5 

-2771 

-3232 

-2122 

-2097 

16000 

-8337 

-2722 

-3419 

-2297 

-2268 

17000 

-89  25 

-2628 

-3664 

-2473 

-  243  9 

19000 

-6176 

-2678 

-3038 

-  2  6  5  5 

-  ^6  1  5 

19000 

-73  0  6 

-2249 

-3410 

-2844 

-2796 

20  0  00 

-7227 

-1299 

-3533 

-3  14  1 

-2986 

21000 

-7259 

-46l 

-3788 

-3234 

-3171 

/A 


z 
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PANEL  RH42:  ANALYTICAL  AND  EXPERIM^fTAL  DATA 


Panel  RH42  was  reinforced  with  two  co-cured  plies  of  G/Ep  in 
the  shape  of  two  strips  on  either  side  of  the  cutout  on  the 
outside  of  each  facesheet  offset  0.50  inch  from  the  edge  of  the 
cutout.  The  reinforcement  had  the  following  dimensions; 


Shape; 

Length; 

Width  (each); 
Thickness  (each); 
Area  (each  face); 
Total  Volume; 

Net  Cross  Section; 


Strip 
3.14  in 
1.00  in 

0.028  in  (2  ply) 
6.280  in^ 

0.352  in^ 

0.112  in^ 


The  panel  failed  at  the  hole  edge  (Type-1)  at  an  applied 
normal  stress  of  -36,990  psi  (^n^*  Based  strictly  on  the  failure 
of  the  unreinforced  panel  and  the  computed  stress  concentration 
factor  of  2.64  the  predicted  failure  was  0"^^  =  -34,650  psi.  The 
panel  failed  at  106.8%  of  the  predicted  ultimate  stress.  It 
sustained  the  highest  load  of  any  test  specimen.  The  reinforce¬ 
ment  increased  the  panel's  weight  little  more  than  3.6%  and 
increased  the  failure  strength  by  21%  over  the  unreinforced  panel. 
It  was  one  of  the  panels  that  led  to  the  conclusion  that  several 
layers  of  reinforcement  close  to  the  cutout  are  more  effective 
than  spreading  it  out  more  thinly  over  a  larger  area. 


The  finite  element  model  (mesh)  is  shown  in  Figure  M.l.  The 
area  of  the  strip  reinforcement  is  outlined  by  the  heavy  lines 
beginning  0.5"  to  the  right  of  the  cutout's  edge. 

Figure  M.2  compares  the  three  (finite  element)  computed 
strains  around  the  cutout  between  the  unreinforced  panel  (PO00) 
and  RH42.  These  computed  strain  values  are  listed  in  Table  XLVI. 
There  is  a  relatively  small  decrease  in  the  strain  due  to  the 
strip  reinforcement  compared  with  the  equivalent  amount  of  rein¬ 
forcement  concentrated  next  to  the  cutout. 

Figure  M.3  compares  the  computed  (solid  and  dashed  lines)  and 
experimental  (triangles)  strains  in  the  Y  and  X  (poisson)  direc¬ 
tions  in  the  panel  and  shows  an  excellent  correlation  between 
analytical  and  experimental  strain  at  =  -10,000  psi.  There  was 
some  strain  variation  between  the  left  and  right  sides  of  the 
hole.  The  exact  edge  of  the  reinforcement  can  not  be  seen  in  the 
figure.  The  effects  of  reinforcement  is  a  significant  strain 
decrease  (compared  to  the  unreinforced  panel,  PO00)  under  the 
reinforcement,  a  small  decrease  near  the  hole  and  a  slight 
increase  in  the  far  field  (where  x  2.50").  Table  XLVII  gives  the 
computed  values  of  the  strains  along  the  X  axis. 

Figure  M.4  shows  the  stress-strain  state  during  the  load 
sequence  from  CT^  =  0  to  -36  ksi.  Experimentally  measured  strain 
data  are  given  in  Table  XLVIII.  Up  to  about  O’.j  =  -24  ksi  all 
gages  indicated  a  normal  stress-strain  relation.  At  that  load 
gage  #2  (x  =  -0.571")  demonstrated  the  "stair-step"  phenomena.  At 
-25  ksi  gage  #1  (x  =  +0.569")  indicates  what  appears  to  be  a 
softening  or  loss  of  stiffness — the  strain  rate  drastically 
increased.  Gage  #2  seems  to  reflect  the  Scime  behavior  at  -4  ksi 
higher  stress.  Gage  #3  (x  =  +0.701")  appears  to  pick  up  the  load 


when  gage  #1  shows  what  appears  to  be  local  buckling.  i^Iote  that 
gages  #8  and  #13  (x  =  -1.512”  and  -2.460")  reflect  none  of  what  is 
occurring  next  to  the  cutout. 

The  reaction  of  this  panel  may  help  explain  much  of  what 
occurs  in  the  boundary  region  around  the  cutout  on  the  other 
panels.  At  high  levels  of  strain  (8,000  to  10,000  M€.)  next  to  the 
cutout's  edge,  local  delamination,  buckling  and  fiber  failure 
forces  the  transfer  of  the  load  path  laterally  away  from  the  edge 
to  the  still  intact  and  stiff er  fibers  and  matrix  farther  from  the 
cutout . 

Figures  M.5  through  M.8  show  the  strain  contours  at  = 
-10,000  psi  computed  and  plotted  using  DIAL.  Figure  M.5  is  the 
full  quarter  panel  with  strain  (Eps-Y)  parallel  to  the  applied 
load.  Figures  M.o  through  M.8  (Eps-Y,  Eps-X  and  Eps-XY)  show  the 
strains  in  detail  close  to  the  cutout. 


Computed 


if  rOfT)  m  rr)  frj  fO  sr  ro  CM  n  fN  (N  (N  CN  (N  CN  CN  O  J  rn  ^ 
OOOOOOOOOOOOOOOOOOOOO 
X  t  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  t  I 

I  m»-oor'<nr^nTcrMoo»coi^tNi>«.3’(>|v£)Lnrn<N 

to  »in^o'<Na'intr(rssO^»~cor»^ir(in'"r'aoin 
Oi  r'00»~^^^p^r^^3^0'-o^Ln^^<T>^»^no f  o 
^  »-rr),Or'®'-0:rfSJ^^»“>'lfVJ'N(NfNCNfN»“r~»“ 

OOOOOOOOOOOOOOOCSOOOOO 
I  I  I  I  I  I  I  I  I  I  I  I  I  I 


(N<N<NCsir>loo(T>:f 

OOOOOOOOOOOOOOOOOOOOO 
I  I  I  I  I  I  I  I  I  I  I  I  )  I  I  I  I  I  I  I  I 

M  (1}  M  CO  M  b;  rtj  (4  CO  W  M  U  b]  U  H  W  Cd  Ft}  M  Tt] 

mooor^ir»ir»o\^oovooo»"«“oP*vo^fN  o 

»  »  ^  <fi  rof^  »- vO  o  00  ^  fNI  <r>  O  rn  ^  (N  as 

vain»^<n^o<'o^»-iNin(^ro!^ooa'»o«-'- 
»-»-^»“asvorr)^fsj(r>^rnfsir^t— ro\O0O»“^'” 

OOOOOOOOOOOOOOOOOOOOO 
I  I  I  I  I  I 


^  ^OOfntNrsjrslrsKNfMrsJINtN 
ooOoooooooooooooOoooo 
I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 

»  (4E4C4MK]C4ruM(4'4!i]Ci]C4U(4WMC4MUW 
I  fNsosoin(^r»cooocNvo®oo^if>o;»sooovor^ 
to  T-minuooosrsjrn  .o»tNos(Nio»”-^p^O'o»-cNj 
04  <NP*(N»"00^<N^O<No^in0^aO»“lDsor^ 

w  iPiif  5f  (n<N»*»-otn(N'a'r»*“»-('i'NrsiororoPO 

OOOOOOOOOOOOOOC  DOOOOO 
I  (  (  I  I  I  )  I  I  I  »  (  (  I  I  I  I  I  I  I  I 


000000000000000000»-S-0 
OOOOOOOOOOOOOOOOOOOOO 
a  I  I  * 

as  tL)|jLl(4WC4b)b]Ub4UUM0)UCi)u4b]C4MU]C4 
O  omcotNsnosinroinojvoP'O'fNOPomr^rsjoo 
O  OOOrosOUO»~tnvO^OPn«ro»”t^^  ^sO«N(NO 
tj  oo'asaoi»»vo^(Noeoir»(Nossors)astn^ooaso 
UOif  cf »if  :»3- if  rorOOrsiCNrs|4-T-»-p^rnO 

OOOOOOOOOOOOOOOOOOOOO 


O^T-OOOOOOOOOOOOOOOOOO 
OOOOOOOOOOOOOOOOOOOOO 
Q  +1  +  +  ♦  +  + 

as  MMl4M4U4»MU4MMU4U4WU4CUMMU4UMWCMU4M 
o  o'»icNP*»nrno(Nos^vo<Nmt»nn'T'ir)tNODino 
o  0<N<NsOif»-r.^r03TOOif  ^lD»-iDsOfnoOO 
(j  oasoo^-vnos<NvoostNinooo<N^  i3p«»ooaso'o 
O'^P'^»”»”fN<Nrs|r0Pnfn^:»:f -■» 

OOOOOOOOOOOOOOOOOOOOO 


w  T-rsin«ir»sor*cooso»-<NPoa'ir)sop'ooosoT- 

o 


Reinforced  Circular  Cutout 

*SI  Compressive  Stress  (-Sy) 
Horizontal  Axis  of  Symmetry 


Axis  (inches) 


TABLE  XLVII 


0 

X 

X 

01 

1 

VI 

□ 

Oi 

M 

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 
X  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 
X  HMUHEi)UMUCqiUMUiUC4HMIx]WMUb}MGqiUHUMMUUU 

I/)  in»“Ooooof>ir'<NvOir>vo«o\ooCT»f~o>r-^oo»”0'mfoin\o^<NQO^ 
&  vo(Nmv^CT»oo<N*-^(ntn<»>co^ir)(N<N»”Ovo®oro^oinp'vOp*»Ni3 

OOOOOOOOOOOOOOOOOirsO'SOOQOOOOOOOO 

I  I  I  I  I  (  I  I  I  I 


<Nrr)romfnfnf*iro^^^^»rorof»imrnf^f^'^<^romfOf'1(^rorornrn 
OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 
I  I  I  I  I  I  I  I  I  •  I  I  I  I  I  I  I  I  I  I  I  I  )  I  I  I  I  I  I  I  I 
UWMMUMUMWUUMIUUtiqUUFqp^MMMPjMMrOMMIknMU 
vo®»”OOvooin<N»nco»r>»»nvo»-oininrvioonoooinir>'*o^ooif) 
J'»"<N^®^r>»fNO®t'4^^rr)r»»-ir>O®«“^lf)r^OOrr)v0»CN^'“ 
\Ovoo»“® 

OOOOOOOOOOOOOOOOOOOfSOOOOOOOOOOO 


<NfN<NCMrM<N<NfN<N<N<N<M<N<N(N|(NCN(N<\|(NrMCN(N(N(N(N<N<NtNCv|C'J 
OOOOOOQOOOOOOOOOOOOOOOOQOOOOOOO 
I  I  I  I  I  I  I  •  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 

X  MCCIMUWUUMMMMMUMMUUUWMUHUMUMWWMUM 
I  r^voO!/i  ■o^''N®®<N®o®ro^5rin(^®ON®'”o»~®»”mr-oo®o\ 
VI  <NfNnr*oo<N®  »p*<T>sor>jvoor^ 

Ot  r*‘®0'v£)»»”®®in-^fn®®<N<N»-^xi-»-r-^»-rvl(N<NfS<NrMfMrs| 

W  fnfn<N<N<N<N»“^x»~»”»— 

ooooooooooooooooooooo  >000000000 
t  I  I  t  I  I  I  t  I  I  I  I  I  I  »  I  I  I  (  )  I  I  I  (  I  I  I  )  t  I  I 

ooooooooooooooooooooo  tsooooooooo 
ooooooooooooooooooooo  0000000000 
Q 

as  UHUMWUUb)UUrau|HUalUUWUU'’4uJMUb4UUUIUUCa 
O  0000000000000000000000000000000 
o  0000000000000000000000000000000 
o  0000000000000000000000000000000 
0000000000000000000000000000000 

0000000000000000000000000000000 


000000000000»-^T-»-T-T-*-T-,-^T-i-^^T-«^r-»-T- 

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

MMMMmWMU4U4MU4MMWWMXU4WMMMUJMU4WMMWWM 

ooooooooooooo«/ioi/ioinoinooooooooo«Do 

oinoinooooooooo<Nif)r»o<Ninr’»oinoir(o«noinocNvn 

o<Nmr*ovnotfioino»no*"<Nfnm\or^ooorjvnr»o<Ninr^o»-rM 

0000000000000000000000000000000 


M  ^c>ifn^in>a(^®oo»”(Nri»inor'»a>CT'Or-iNr')»invoP*OTO'OT- 
Q  CNOin'>OOTO’“<N^vOOOC'T-»-r“»-t-»-»-(N<N'^fN(N<N(N<NfNrMOO 
O  i-T-T-^^»-r>4<N<N«NCM<NC'l<Nr'ICNtNcN<Nr'4<N(NCNfN<N 


r%  > 


Reinforced  Circular  Cutout 
ir  Field  Compressive  Stress 


rMV  n 


APPEMDIX  N 


PANEL  RH51:  AMALOTICAL  AND  EXPERIMEETTAL  DATA 


Panel  RH51  was  reinforced  with  one  co-cured  ply  of  G/Ep  in  the 
shape  of  two  strips  on  either  side  of  the  cutout  on  the  outside  of 
each  facesheet  offset  0.50  inch  from  the  edge  of  the  cutout.  The 
reinforcement  had  the  following  dimensions; 


Shape: 

Strip 

Length; 

7.86 

in 

Width  (each); 

1.00 

in 

Thickness  (each): 

0.014 

in 

Area  (each  face): 

15.720 

in' 

Total  Volume: 

0.440 

in' 

Net  Cross  Section: 

0.056 

in' 

ply) 


The  pcuiel  failed  at  the  hole  edge  (Type-1)  at  an  applied 
normal  stress  of  -31,630  psi.  Based  strictly  on  the  failure 

of  the  unreinforced  panel  cind  the  computed  stress  concentration 
factor  of  2.83,  the  predicted  failure  was  <T =  -32,300  psi.  The 
panel  failed  within  2.1%  of  the  predicted  ultimate  load. 

The  finite  element  model  (mesh)  is  shown  in  Figure  N.l.  The 
area  of  the  strip  reinforcement  is  outlined  by  the  heavy  lines 
beginning  0.50  inch  to  the  right  of  the  cutout's  edge. 

Figure  N.2  compares  the  three  (finite  element)  confuted 
strains  around  the  cutout  between  the  unreinforced  peuiel  (PO00) 
and  RH51.  These  con¥)uted  strain  values  are  listed  in  Table  XLIX. 
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There  is  only  a  small  apparent  decrease  in  the  strain  around  the 
cutout  due  to  the  reinforcement. 

Figure  N.3  centres  the  confuted  (solid  and  dashed  lines)  and 
experimental  (triangles)  strains  in  the  Y  zuid  X  (poisson)  direc¬ 
tions  in  the  pcuiel  and  shcxirs  a  poorer  them  usual  correlation 
between  analytical  and  experimental  strain  at  O' ^  =  -10,000  psi. 
There  was  no  apparent  strain  variation  between  the  left  and  right 
side  of  the  hole,  but  the  finite  element  model  predicted  a  higher 
level  of  strain  at  =  -10  ksi.  From  the  appearcuice  of  the 
panel  during  the  load  sequence,  this  can  not  be  explained.  The 
finite  element  model  was  rerun  to  verify  the  results  euid  the  data 
is  consistent  with  the  other  models.  The  effect  of  reinforcement 
is  a  very  slight  strain  decrease  (compared  to  the  unreinforced 
panel,  P00O)  under  the  reinforcement  and  a  small  decrease  near  the 
cutout.  Table  L  gives  the  LEFEA  confuted  values  of  the  strains 
along  the  X  axis. 

Figure  N.4  shows  the  stress-strain  relation  during  the  load 
sequence  from  =  0  to  -31  ksi.  Experimentally  measured  strain 
values  are  given  in  Table  LI.  Both  gages  #1  and  #2  (x  =  +0.569” 
and  -0.571")  show  much  higher  strain  rate  than  equivalent  gages  on 
other  RH  panels.  Gage  #3  at  first  parallels  the  strain  rate  of  #1 
and  #2,  then  seems  to  indicate  a  load  transfer  away  at  -3  ksi  and 
then  again  picks  up  the  load  at  -9  ksi.  Gages  #1  and  #2  show 
s(xnewhat  the  same  phenomena  described  in  Appendix  M:  significant 
buckling  euid  fiber  failure  close  to  the  cutout  and  a  treuisfer  of 
the  load  path  away  from  the  cutout's  edge.  There  may  have  also 
been  a  transfer  of  load  from  one  side  of  the  cutout  to  the  other 
and  to  the  opposing  facesheet. 


Figures  N.5  through  N.8  shew  the  strain  contours  at  = 
>10,000  psi  ccxiputed  and  plotted  using  DIAL.  Figure  N.5  is  the 
full  quarter  panel  with  strain  (Eps-Y)  parallel  to  the  applied 
load.  Figures  N.6  through  N.a  (Eps-Y,  Eps-X  aind  Eps-XY)  show  the 
strains  in  detail  close  to  the  cutout. 
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lel  RH51:  Computed  Strain  Around  the  Cutout 

At  10.000  PSI  (Far  Field)  Stress  (-Sy) 
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Figure  lf.2  Panel  RHSlx  Strain  Coapariaon  Around  the  Cutout 
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table  LI 

PANEL  RHSl:  SELECTED  STRAIN  GAGE  VALUES  DURING  LOAD 


Load 


Micro-Strain  Indicated  by  Gaje: 


(psi) 

*1 

#2 

»3 

»3 

#13 

1000 

-317 

-241 

-214 

-116 

-105 

2000 

-642 

-469 

-419 

-215 

-193 

3000 

-946 

-696 

-64  1 

-31  3 

-285 

4000 

-1256 

-931 

-745 

-428 

-393 

5000 

-1572 

-1173 

-839 

-542 

-503 

6000 

-1913 

-1435 

-907 

-665 

-622 

7000 

-22  76 

-1711 

-1C70 

-793 

-747 

8000 

-26  3  9 

-1980 

-1191 

-919 

-865 

9000 

-3020 

-2263 

-1394 

-1017 

-989 

10000 

-34  22 

-2550 

-1636 

-1142 

-1112 

11000 

-3841 

-2841 

-1944 

-1272 

-  1233 

12000 

-4276 

-3140 

-2201 

-1401 

-1367 

13000 

-4733 

-3446 

-2511 

-1534 

-1495 

14000 

-5196 

-3762 

-2637 

-1666 

-1625 

15000 

-5706 

-4101 

-3098 

-1858 

-1755 

16000 

-6229 

-4433 

-3370 

-1996 

-1887 

17000 

-6601 

-4808 

-3663 

-2136 

-2017 

18000 

-6723 

-5190 

-3975 

-2278 

-2150 

19000 

-714  8 

-5630 

-4308 

-2427 

-2292 

20000 

-74  86 

-5802 

-4591 

-2559 

-2414 

21000 

-63  67 

-6847 

-4933 

-2704 

-2550 

22000 

-63  15 

-7382 

-5205 

-2844 

-2679 

23000 

-3197 

-8035 

-5605 

-2983 

-2817 

24000 

-2016 

-8514 

-5918 

-3137 

-2957 

25000 

-1314 

-8133 

-6331 

-3235 

-3093 

26000 

-1372 

-8337 

-6741 

-3428 

-3229 

27000 

-1160 

-8686 

-7092 

-3575 

-3365 

28000 

-690 

-9015 

-7289 

-3721 

-3501 

29000 

-5  66 

-9354 

-7730 

-3872 

-3641 

30000 

-349 

-9656 

-7866 

-4025 

-3785 

31000 

-334  9 

-9848 

-7831 

-4180 

-3927 

ILOl 

ElfMENf  StI 


CONf 


Eur.t  fill  I 
ELtMtNF  SET 


APPBilDlX  O 


PANEL  RR22:  1HREE-D1MB9SIONAL  LINEAR  FINITE  ElfMOIT  ANALYSIS 

Pcinel  RR22  was  reinforced  with  two  co-cured  round  plies  of 
G/Ep  curound  the  cutout  on  the  outside  of  each  facesheet.  The 
reinforcement  configuration  should  have  been  among  the  most 
efficient,  concentrating  the  maxinum  amount  of  reinforcement  close 
to  the  cutout.  Figure  5.3  eind  Table  VI  show  that  the  round,  200% 
reinforcement  produced  about  a  22.5%  reduction  in  m5ucimum  strain 
(eps-y)  parallel  to  the  applied  load.  The  round,  400%  reinforce¬ 
ment  with  twice  the  volume  of  additional  weight  provided  only  3.1% 
additional  strain  reduction.  It  was  therefore  more  them  a  little 
disconcerting  when  the  most  promising  panel  failed  at  =  21,050 
psi,  only  55%  of  the  predicted  load.  Table  IX  gives  the  predicted 
failure  (based  on  the  actual  failure  of  the  unreinforced  peinels 
euid  the  LEFEA  confuted  SCF)  at  38,250  psi. 

When  trying  to  explain  the  failure,  it  was  postulated  that  the 
facesheet  layup  C03,±45,90]  may  have  caused  out-of-plane  stresses 
sufficient  to  cause  the  facesheet  to  separate  from  the 
core.  This,  of  course,  would  have  invalidated  the  entire  thesis 
that  local  reinforcanent  around  a  cutout  could  be  a  significant 
design  benefit.  The  two-dimensional  LEFEA  (see  section  III  C.1) 
used  in  the  conputational  analysis  was  not  able  to  give  stress  or 
strain  in  the  Z  direction. 

A  three-dimensional  analysis  was  underte8cen.  Figure  0.1  shows 
the  three-dimensional  mesh.  In  order  to  conserve  computer  time 
auid  provide  an  accurate  solution,  the  quarter  panel  was  modeled 


only  from  the  midpleuie  (z  =  0.0).  Modeling  only  half  the  core  and 
and  one  facesheet  did  not  affect  the  accuracy  of  the  solution.  In 
order  to  approximate  the  strain  closer  to  the  predicted  failure, 
the  model  was  subjected  to  am  equivalent  applied  load  of  30  ksi 
rather  them  the  10  ksi  used  on  the  2-D  models.  The  analysis 
was  linear  cind  did  not  take  into  account  the  very  probable  matrix 
cracking  and  non-linear  behavior  at  high  strain  (  10,000 /I*)* 

Table  LII  sumnarizes  the  results  of  the  analysis. 


Figure  0.2  gives  the  strain  parallel  to  the  applied  load.  The 
maximum  predicted  stain  was  10,100M&  at  9^  »  30  ksi.  This  is 
exactly  three  times  the  maximum  strain  confuted  in  the  2-D  model 
described  in  Appendix  C  (see  Figure  C.5).  The  exact  emalytical 
correspondence  of  the  2-  eind  3-D  FEA  helps  to  validate  it.  Figure 
0.3  shows  the  Cy  strain  neeu:  the  cutout.  Figure  0.4  shows  € 
next  to  the  cutout.  This  corresponds  with  Figure  C.7. 

The  strain  in  the  Z  direction  is  shown  in  Figures  0.5  and  0.6. 
The  maximum  was  92  the  minimum  -11/x^*  The  stress  at  the 
interface  of  the  facesheet  emd  honeycomb  core  is  shown  in  Figures 
0.7  auid  0.8.  It  is  obvious  that  the  out-of-plane  stress  at  the 
interface  is  virtually  nil  (less  than  +5  psi)  and  that  premature 


failure  was  not  due  to  the  layup  or  the  reinforcement 
configuration . 

The  shear  strains  ^xy'  ^yz  ^zx  shown  in  Figures  0.9, 
0.10  and  0.11  respectively.  The  three-dimensional  analysis 
reversed  the  sign  on  the  shear  strain  from  the  two-dimensional. 
Centring  the  results  of  the  2-  and  3-D  analyses,  the  maximum  euid 
minimum  ^^y*  -9300 in  the  3-D  (Figure  0.9)  are  almost 

exactly  3  times  the  2-D:  826  2md  -3110 /<€.  (Figure  C.8). 


FORTRAN  PROGRAM  "RBSFM' 


This  program  written  in  FORTRAN  was  developed  by  S.P.  Geurbo 
and  J.M.  Ogonowski  of  McDonnell  Aircraft  Conpeuiy,  McDonnell- 
Dougleis  Aircraft  Corporation,  PO  Box  516,  St.  Louis,  MO  63166.  I 
was  published  by  the  Air  Force  Flight  Dynamics  Lcdxsratory,  Wright 
Aeronautical  Laboratories,  Wright-Patterson  Air  Force  Base,  Ohio 
45433  as  report  AFWAL-TR-8 1-3041,  Volumes  1-3. 

The  program  was  modified  by  the  author  to  run  on  the  IBM  370. 
The  code  was  renundaered,  the  input  method  euid  output  format  was 
altered  for  easier  input. 
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BaSFB  7EH  2.  2  11/09/83  PAT  SOtLIVAM 

I/O  aODIFICATION  TO  BOH  FROM  IHPOT  FILE. 


AEBO  EHGIHEEBIHG 


FILES: 


COHSOS 
conaoH 
coaaoH 
coaaoH 
coaaoH 
coaaoH 
coaaoH 
coaaoH 
coaaoH 
IHTSG3 
DISEHS 
DATA  a 


31-SEAD  DATA,  02-SRITE  BESOITS,  03-SOHHAHI  OF  IHPOT 


/0H5/  E1(3).E2(31.G12(3), 712(3) 

/THO/  ICOT  (Ul  .SOSPLI.NUHHAT,  AtIG  (8)  ,PLITBK(8)  .HATID  (8) 

/THREE/  lABG.IlOa.iaiGB.STPIHK.HOHSTP 

/POOR/  PI. EY, PXr, P, PH, ALPHA, BETA, DIA.CORREC 

/FIVE/  FAT  (3)  ,FXC  (3)  ,F  YT  (3J  ,  ?  YC  (5)  ,FfY(3»  ,IFAI1 

/SIT/  Al(3,3i 

/SEVEN/  5(3,3) 


n  nns  ,  A  n  ,  IL 

ION  IITLE(U) 
ANGE/0/ 


BEAD  INPOT  FILE  IN  FREE  FORaAT  FOB  ALL  BEQOIRED  DATA. 


DO  10  L«1,15 
ICOT (L) «0 
COHTINOE 


(1,80)  TITLE 
1,*)  (ICOT(L)  ,L*1 , 10) 

1,»j  SOaELY,MOaHAT 

1,*)  (SI  (J)  ,E2(J)  ,G12(J)  ,712(3)  ,J*1,H0aHAT) 

1,*J  (FXT(J)  ,FXC(J|  ,?YT  (3)  ,?YC  (J)  ,FfY(Ji  ,3=1,NOHHAr) 
II,*)  (AKGUS  ,PtYI“k  »3)  ,aATID(3)  ,3il,a0HPLI) 

1,*)  PX.lY.hY, BETA,?, ALPHA 

i,*j  h,6ia,ifail 

1 , *)  ILOH,IBIGa,IANG,STPINK,NO  BSIP 


IP  (HOaSTP.GT.  20)  S0HSTP«20 
IF  (lAHG.EQ.OI  GO  TO  20 

RANGE*  IFIX  ( FLO  AT  ( laiGH-  ILOB)  /FLOAT  (I  AMG) ) 
CONTIN  OE 

IF  (RANGE. GT. 91)  HRITS  (2,180) 

IF  laANGE.GT.9li  STOP' 

BL*P*DIA 

PH-0.3 

IF  (P.  NE.0.0.  AHD.H.NE.O.  0)  PH«Bl/(2.  0*H) 
HD«H/DIA 


HRITE  A  SUaaARY  OF  THE  IHPOT  DATA  TO  THE  OOTPOT  FILE 


HRITS  (2,90):  TITLE 
HHITE  |2,100)  (lOOT  (L)  ,L«1,  10) 
HRITS  (2,110)  NOaElI,NOaaAT 
DO  30  3»1,30HaAT 
HRITE  (2,120)  (J,S1  (3),S2  (J)  ,G 

1C  (3),?XY  (3) ) 

CONKNOE 


S2  (J)  ,G12  (J),712  (3)  ,FXT  (3)  ,FXC(3)  ,  FTT  (3)  ,rT 


»  .A  >1 

HRITS  (2,130) 

DO  i»0  3«1,S0ilPII 

BRira  (2,140)  (J,ANG  (J)  ,PIIIHK(J),aATID(J)) 
COHTINOE 

HRITS  (2,150)  P1,PY,PXT,BSTA,  E,ALPHA 
HHITE  (2,160)  H.CiA 

HRITE  (2,170)  ILOi,IHI3H,IAHG, BANGS, STPlNK,SOaSTP 
IF  (H0.IT.4.  3.  AND.H.HE.0. 3)  HRITS  (3,190) 

HHifS  (2,200) 

IF  (IFAIL.EQ. 1)  HRITE  2,2101 

IF  (IFAIL.EQ. 2{  HRITE  2,220 

IF  (IFAIL.EQ.  3i  HRITE  2,230 

IF  (IFAIL.EQ. 4)  HHITE  2,240 

IF  (iFAlL.SQ.Sj  HHITE  2.250 

IF  (IFAIL.LE.  O.OR.IFAH.GE.  6)  HRITE  (2,260) 

EBAHCH  TO  SOBROOTINSS  AS  DIBECTEC  BY  THE  OPTION  LIST* 


IF  (FOTOOT(IOOT,2) .SQ.0.0)  GO  TO  60 
AlPH- ALPHA 


ALPH-ALPHA 
CALL  A3D  (ALPH) 


COBRECal .0 

DOaaY=pOTOOT(ICaT,98) 

CONTIS  US 

IF^^POTODT^IOaT,3) .EQ.0.0)  GO  TO  60 

IF  (POTOUTJIOOT.I) .EQ.0.0)  GO  TO  60 
C&LL  PLISTB  (IFAII) 

IF  fPOTOUl(IOOT,9) .EQ.O.Q)  GO  TO  60 
Clli  Fill 

IF  {POTOUTflOaT,  10)  .  5C.  2- 0)  DOBBt«POTOOT  (lOOT,  99) 

IF  (C0aHEC.LT..999.0S.CQ2BEC.GT. 1.00 1)  GO  TO  50 

CONTIS  UE 

DaaMT=P0T0nT(IC0T,98) 

IF  iPUTOOT(IOai,1)-HE.2-0)  GO  TO  70 

CCNTISOE  _ 

"stop 

FOaaiT  (161X9))  , 

FOSaXT  I15X.39HEOLTEC  JOIST  STBESS  FIELD  BODEL  jfBBJSF)  .//.SX.31HCO 
1BPOSITE  aXTSBIALS  LAaOBATCBI, ,2X,25H DEPABTBENT  OF  A EBOSAOTICS,/, 1 1 
2X,26aNAVAL  POSTGBADUATE  SCHOOL, , 2X, 1 9HBCSTEHEI,  CA  93993, ///, 5X,6 


110X,6HS1  -  ,  1EH11.3,OX.6HE2  «  ,  El  1  .  3, /,  1  OX,  6  HG 1 2  ■  ,3n.3,bX,bHT 

212  i  ,E11.3,>/.10X,6HFXt  »  ,E1 1. 3 ,6X ,6&Hc  »  .  31 1 . 3,/,  10X ,  oBFTI  ■ 
3,E11.S,6X,6fiFTf  »  ,£11,3,/,lOX,6HfXT  »  . 

fOBHAT  (/»5X,12H51  PLY  D ATA: ,//,1 OX, 6HN08BES, 5X, 5HANGLE, 5X, BHTHICK 
INESS.SX.efiHATEEIAt,/)  , 

!s5“)}!lh  3L,01.«PI .  ,,p|,i...2i,55f 

II  •  ,E11.9;2X,6H?XY  «  ,E13.9,/,10X,76BETA  »  , H1 1. 9, 2X, 5BP  ■  ,E11. 

fObbUt  (5X,19H7)'‘pAaEl  OATlt;//,10X,  6H«IDTH:,F16.3,/,  10X,  19HHOLE  D 
lIAoKEBS  iF8.3  ,//) 

FORHAI  (SX,21n8)  SEARCH  PABABETEBS: , //. 10Z, 1 IHLON  ANGLE:  .117, 9B  D 
1EG,/,10X,11HHIGH  ANGLE:  , 1 17, 9H  DEG,/ , 10X, 1 6B ANGLE  INCBEHEHT: ,112,9 
2H  OEG,/,10X,22HHOaBEa  OF  ANGLE  STEPS  :,I7,5X.13HjiaAXIB0a;  91),/.lOX 
3,19HDlsf ASc6  INCBEHEHT;, F13. 3, 2X,/,1 ox, PSHN&HBEfl  OF  DISTANCE  STEPS 
9:  ,I4,jX,  13H  (aAXiaOH;  20),/) 

FOBhIt  (15X.30H»*»**«  input  BBROB  •••••••, /,5X,59HAHG0LA8  IHCB 

1EBEHT  BETNEES  HIGH  AND  LOU  ANGLES  IS  TOO  SHALL. ,/,3 X,5 1HDECBEAS E  T 
2BE  BANGS  OB  IHCBEASE  THE  INCSBBENT  A NGLE. ,/, 5X, 2 1 HEZECUTZON  IS  STO 
3FF£0  /) 

FORHAT  (5X,38HCAaTION;  HIDTH-TC-DIABETEB  RATIOS  LESS,/,5Z, 31BTHAN 
19.0  GIVE  EBBONEOUS  BESULTS/) 

FOBRAT  (/.SX,39H9)  FAILUBB  ANALYSIS  CBITEBZA  USED:,//) 

FOBBAT  iBX.iaBBAXiaua  STBAIN,//) 

FORHAI  |9X,19HBAXIBaH  STBESS,//) 

FOBHAT  |9X,9H1SAI-HILL,//) 

FOBBAT  }9x;178HODCIPIED  TSAI-HU,//) 


FORHAT  9X,7HH0FFaAH,//) 
FOBBAT  9X,19HNOSE  bSqUEST 


STED,//) 


FUNCTION  POTOUT  (lOOT.IN) 


S/H  POTOUT 


7EE  1.1 


9/25/83 


AERO  BHGIHEBBING 


DIHESSIOH  lOOT(IS) 


non 


BETURM 

ENC 

saBsoaimE  bbd  (iibha) 


S/R  ABO  VEH  1.1  «/25/a3  EDS  ASRO  ElIGISEEHING 

SOBROOTIBE  CALCULATES  A, 3,0  SATRICISS  A  HD  IHTERSIOH  MATHICI 

Bsxasaxxssssxaxsaxsasaxxna  ssssxassasxaa  smxxxxxssx  SBSBxxmxxssxxxxsx 

COaaOM  /OHE/  E1(3»  ,Ei(3)  ,G120),V12(3) 

coaaoH  /THo/  tout  (is)  ,HbaELi,  AoaaAi,  ahg  (8)  ,plituk  (8)  ,a  atid  O) 
coaaoH  /SIX/  aii3,3» 
coaaoH  /SEVEN/  s(3,3) 

DiaENSIOS  V21  (3)  -ElV  (3»  .Q11  (31  ,022(3)  . Q12  (31  , 066  (3)  -01  (3)  ,02(3)  , 
’3A?i'’?]/S'ltti5l5^l35/  ;zi'(20),z'(53),d(3,3)  ,iA(5,3)‘,A'(3,3)" 

calcolate  the  reeoceo  siifpness  batbii  for  each  hatsrial 
DO  10  axi,iioaaAT 


V21  (a)  =E2(H|  *V12(«j^/E1(S) 
DIV(aj  =1  -0-V12  (H)  *¥21(8) 
Q11(S)  =E1  (H) /DI7(a) 

Q22(a)  «E2  (H)  /DIV  (H) 

Q  12(H)  =V  12(a)  «E2(H)  /EIV  (H) 


C  LATIOK  OP  OIHB8  SATEICIBS 


COHXISOB 


COHPOXB  A/XHICK  ISTEfiSE  SAIHir 


I  STEP*  1 

CALL  ISVEBS  (Q.AI) 


LABIBAXE  niC-PLAilE  PSOPE9XIES  CAM  BE  CALCQLAXED  HERE  AS  POL 


EX1«1. 0/Al(1 ,  1) 

EX1=*1.0/AI  (2,2i 
»XY1=-SX1*AIil'2) 

GXY1»1.0/AI  (3-3l 

sc?»i.  0+sgax  (2.!3*  (sqbx(sx  i/ei  i)-vxti  )  ♦exi/gxih 
•tIHIXS  {2,160)  Ell  ,GXr1,Zri,TXI1,SCP 


,zri,7xii,scp 


CALCOLAXE  SAXE8IA1  PEOPEBIIES  POJ!  OPP-AXIS  30LX  LOAD,  XBAHSFOBBEE 
aEDOCED  SXIFESESSES  PER  PLY 


XHICK»0. 0 

ALPHA' ALPBA*?I/ieO.O 
DO  80  Lal.MOaPlY 


uu  OU  i.' 

0EG«AMG(Lf*PI/180.0 
OEG'DSG- ALPHA 
a'HAXIO{L) 


QEAR(L,1,1)»01  (B)  >02(9)  *003  {2.C*OEO)  *03  (B)  *COS  (tt.O*DEG) 
QBAR  |l,1  ,21  '04  (B)  -03  {Bl  •CCS  (tt.O*OEG) 
gBAa(L,2,2j  »ai  jai  -02  (Hi  *cos  (2.o*oegWo3  (h>  'cos  (4.o*deg) 
C3AR  <L  ,  1 , 3|  *0 . 5*02  (Ml  *SIN  (2.  0*DEG)  ♦0  3(H)  •SI»  (4 . 3*DBG) 
QBAR  (L  ,  2 ,3)  »0  .  S« 02  (B)  *SI  H  (2 . 0  *OEG)  -0  3  (B)  ‘SIS  (4 . 0*DEG) 
gSAa(L,3,3j  »05  (H)  -03  (H)  *003  {4.0*dEG) 

QBAR  !L,2,lj«gBA8(L,1,2( 

QBAR  (L, 3, ij'OEAB  (1,1,3) 
geAR  h  ’3,2i*QBtS  (1,2,3/ 

XHICK' PL YXHK ( L) ♦X  BICK 
ZZ  (L+1)  »XHICK 
CO'JXISOE 

S(1)*-1.0*XHICK/2.0 


C  CALCOLAXE  AA  BAXBIX 


DO  110  1-1,3 
DC  100  J-1,3 
DO  90  L«1|M0BPLY 
Z  (L*1) -Z  (1)  ♦ZZ  (L+1) 
ZA-Z  (L*1)-Z(L) 


)*gEAB(L.I,0)*ZA 


g  (1,0)  >AA(I,J)  /XBICK 

CONXiilOE 

COMXISOE 


COBPOXE  AA/XBICR  IMTERSE  BATRZX 


I3IEP-4 

CALL  I  MYERS  (Q,S) 

PBIHI  BAXBIX  AMD  LABIMAXE  DAXA 


CPF-JXZS  LABIMAXE  PROPERTIES 


EX2-1.0/S  (1,  1) 
EY2-1.0/S]2,,2i  .. 
YXY2--EX2 


•S  ( 1 , 2) 


nn 


EETOHS 

)  FORMAT  M0X,9HA  MATHIX:  ,//, 3  (101,3(1  FE1  4.3)  ,/)  ,/) 

I  FORMAT  (10X,  1  1BA/T  HATaiX:,//,3(10X,  3f1P3lit.3)  ,/l  ,/) 

)  FORMAT  M0X,15HA/T  ISV  M  ATHIX  : 3  (  1 0X,1  ( IP  El  5 .  M  , /)  , /) 

)  FORMAT  (/,5S,24H10)  lAMIHATE  EBOPBET ISS ; 10X, 5HEX  =  ,1PE11.3, 
1,6HGXY  =  ,E1K3,/,10X,5HEX  »  ,£1 1.3,  SX,6HTXX  »  ,  0PF8.4  ,//,  1 0X,30 
2TRESS  COSCEHTBATICS  FACTOR  a  ,F5.3,//) 

EMC 

SOBROOTISE  IHVEHS  (X.XI) 

:  3SSSXS33S  3 33333 3  3 333 333 333  3  3  33  3  33333  333  333 333333333 333 333 333 3 333333 

S/R  IllVFRS  VER  1.1  4/25/83  PDS  AERO  EHGIHEERIIIG 

CALCDLATES  THE  INVERSE  OF  A  3X3  MATRIX 


DIMENSION  X(3, 3)  ,11(3,3) 
COMMON  I  STEP 


IE  (dSt.EQ.O.O)  go  to  10 


1,1 

X 

2,2) 

XI 

- 

X 

2' 3} 

XI 

1,3 

= 

X 

2,  lj 

XI  ( 

2,2 

« 

X 

1,1) 

XI(2,3 

»( 

X( 

1, 21 

XI 

3,3 

a 

X( 

1,1) 

XI 

2,  1 

* 

X 

2 

XI 

=  1 

X( 

1.2< 

XI 

3,2 

»( 

A(2,1) 

<3.  il-UJ.i)  **<3.2; 


GO  TO  20 

HBITB  (2,30)  ISTEF 
CONIINOE 

RSToaiJ 

FORMAT  (49H  SOEROOTINE  INVERSE  CAECOIAIES  A  SINGOIAB  MATRIX  ,7HAT 
1  STEP,  13) 

END 

SUBROOTINE  LAMSTB 

>  333  333333  S3 3333 3 3 333333333 3 333 3 33333333  333333333333333333333333333333 

S/R  lAMSTB  VER  1.1  4/25/83  PDS  AERO  ENGINEERING  ■ 

CAICOIAIES  TBE  LAMINATE  STRESSES  AND  STRAINS  DOE  TO  AN  IHFLANE  LOAD  ■ 
AND  A  BOLT  LOAD  3 


COMMON  /TSO/  ICOT  (15)  .SDMFLX.SOBaAT,  ANG  (8)  .PLITHK  (8)  ,HATID(8) 
COMMON  /THREE/  lANG, IlOH ,IHIGH,STPl5 K, NUMSIF 

S252S2  . 5 ?  1/ ®  a,  b et a,  di a,  cohbec 

CCMMON  /SIX/  Al(3,3y 
COMMON  /SEVEN/  3(5,3) 

COMMON  /EIGHT/  STRESS  (3 , 20,  9 1)  ,STRAI  N  (3 , 20,9 1) 

INTEGER  IANG,IiaH,IHXGH 

DIMENSION  STfi  ( 3  ,  20 ,9  1)  , 0  (  20 , 9  1)  ,  V  (20  ,91)  ,  (JX ( 20 ,9 1)  ,  VT  (20 , 9  1) 
DATA  N0MFI/1/,PI/3.14iS9265S5/ 


c 


I 


I 


30 


uO 

C-- 

50 


IP  (PX.EC.0.0)  GO  TO  30 
8EI10«BEIA 

CILL  ONLOtO  (FX.Cll, AI, BETEO.STSESS. a,V) 
COSTIHOE 

IP  (PT.EC.O.O)  GO  TO  50 
BEIA90*BilA«-90.0 

CALL  ONLOAD  (FT, 0 lA ,  AI,  BETASO  .STB.OX  , PT) 
DO  40  J>1,NaaSTF 
DO  40  K»1,MO«FT 
0  (J,K)  *0(0, K)  4-QX  (J,K) 

V  (J,X)  *P  ?j,k{  ♦VT  (J.KJ 
DO  40  1*1,3 

SIBESS  (I,J,K)  -SIEPSS  (I,  J.K)  ♦STB(I,J,K) 
COSTI-IOE 


CONTIN  UE 

IP  (PXT.EQ.0.0)  GO  TO  80 
BETA45*9ETA*4S.0 

CALL  OHLCAD  ( FXt, CIA.AI, BSTA4S,STR,0X, VT) 
90  60  J*1,:tOHSTP 
50  K*1,:I0!1PT 
■0(J,K) 


60 

C 


DO  6C 

0  (J,X)  *0  (0,X)  '»0X  (0,R) 

T  (J.KJ  *V]J,KJ  ♦VT  (J.KJ 
DO  60  1*1,3 
STSESS  (I,  J.KJ  *STBESS  (I,  J , K)  ♦STB  (I, J,  K) 
CONTIN OE 


70 

80 

C-- 

C 

C— 


BEIA45*BETA-45.0 

PXTH*-?r? 

CALL  ONLOAD  (FXYN  .DIA.AI  ,  aETA45,STa,  OX,  7T) 
DO  70  J*1,S0fiSTP 
DO  70  K*i.aoaPT 
0  (J,K)  *0  (J,X)  ♦OX(J,X) 

V  (J.KJ  «V(J-Ki  ♦VT  (0,K) 

DO  70  1*1,3 

SIBESS  (I,J,X)  *STB£SS  (I,  J,K|  ♦SIE(I,J,  RJ 

CONTINUE 

CONTINUE 


CALCOLATE  LOADED  ROLE  STRESSES 


1?  (P.SQ.O.OJ  GO  TO  110 

alphao*1l?ha 


90 

C-- 


PB*? 

CALL  LOAD  (PB, CIA,S, ALPHAO,STB,aX,Tt) 
DO  90  J*1,S0aSTP 
00  90  K*1.N0BPT 
0(J,K)  *0(J,S14aX(0,K) 

7(j'kJ  *v}j,k(  ♦«  (J.KJ 
DO  90  I-1.3 

STRESS  (I, J,K)  *STE£SS  (I,  J.KJ  ♦SIR(I,J,  K) 
CONTIN OE 


c— 

c 

C-- 


AL?HA0*ALPHA 

CALL  OHLCAD  (PN  ,D1A,  AI,  ALPHAO.STB.OZ  ,VTJ 

DO  100  J*1,N0HSTP 

DO  100  K*i;NUaPT 

0(J,X1  -OJJ.K)  ♦OZJJ.K) 

vIjIkI-vIj.k  ♦VT  (J.KJ 

DO  100  I *1,3 

STRESS  (I,j:k1  *STRESS  (I.  J  ,  K)  ♦STB  (Z,J,  K) 

CONTINUE 

CONTINOE 

IF  (?OTOOI{IOOT,3),B(J.2.>  WHITE  (2,210) 


CALCOLATE  PRINCIPAL  STRESSES 


DO  120  NN«1,NaBPT 

PBINA- (STRESS ( 1,JJ, NN) -  STRESS  (2,JJ,SH) ) *(STRESS(1 ,JJ,H» -STRESS  (2, 


^4.0 


321 


TSIS»SI5ESS(1  ,  JJ.SM)  -STBESS  (2 

oiscr«o. 0 

IF  (TSTS.NE.O.Ol  DiaCT»0 . 5»»T  AS  (2.0*  STSESS  (3 ,  J  J,  S8) /TSTS) 
DIBCT«180.0*DIECT/3. 1415926535 

IP  (POTOnT(IonT,3) .HE.2.0)  GO  TO  130 
AHGL2«(NN-1) *IA8G*IICB 

DIST»  (JJ-11  •STFINK  _ _ 

IP  (DIST.LE. 0. 00051  DIST*0.001 

SHITE  (2-220)  GIST, ANGLE. STRESS (1 , JJ, HH) .STHESS (2, JJ,SM)  ,STBESS(3, 
1JJ.SN) ,PaiN1,PHIS2,DIHCT 
I  COSTISOE 

I  COSTiaOE  , 

IF  (PUTOOT(IOOT,4) .EC.2.)  SaiTE  (2>230) _ 

cours  LAHISAIE  STE IINS  __  _ ; 

DO  140  JJal.HOBSTP 
DO  140  MN-t.SOHPT 
DO  140  KK>1,3 
DC  140  3E*1,3 

SIBAIN  (KK.JJ.HS)  =AI  (KK, SB) ♦STBESS  (BB.JJ.NN)  ♦STHAIN  (KK,  JJ,  SS) 

I  CQNTISOE  _ 

CALCoIaTE  PBISCIPAl  STBAIHS  __  _  _  _  ^ 

Ip"(P7TOOT(IOOT,4) .SE.2.0)  GO  TO  160 
DO  150  JJal.aOHSTP 
DO  150  HS»1,S0BPT 

?Ri;i  A«  (SISAia  (1.JJ,SS)-STBAIS  (2.JJ,SN) )  ♦  (STB  AI3  ( 1 ,  JJ,  SS)  -STHAIN  (2, 

’p5fiiA»SQBT(PaiNA+STHAIS  (3,JJ,  KN)  *0. 2 S^SIR AIS  (3  . JJ , S H) ) 
PaiS1»(STSAlS  <1,JJ,SN1*STEAIS  (2,JJ,SNn/2.q*PHl;iA 
PHI»2=isTBAIlI  h.JJ.SUI+STFAIS  (2.JJ,SN))  /2.0-PBIHA 
TSIS»SiaAI»(1  .JJ.SS)  -SiaAIS  <2,JJ,S») 

3iaCT»0. 0  _ 


TSIS»STaAI»(1 .JJ.SS) -SiaAIS 
oiacT»o. 0 

IP  (TSTS.SE.O.)  0IHCT»0.5;A 
DIBCT»180.0*DIHCT/3. 1415926 
DISI»(JJ-1).*SIPISK 
IF  (DIST.LE.  0.0005)  OIST-0. 


IP  (TSTS.SE.O.)  OIHCT»0.5*ATAB(2.0*STHAIS(3,JJ,SS)/TSTS) 
DIBCT»180.0*DIHCT/3. 1415926535 


DISI»(JJ-1).*SIPISK 
IF  (DIST.LE. 0.0005)  OIST-0.00' 
ANGLE*  (HN-1)  •lASG+lLOH 
IP  (C0SREC.se. 1.00  __ 

HBITE  (2,240)  CIST,  ANGLE,  STB Aj 
1 JJ.SN) .PBISI ,PBIN2.DIBCt 
COSTISOE 
CONTISDE 


1  ,PBIN2.DIBCt 


AN6LE,STaAIH(1.JJ.»S),STBAIS(2.JJ.NN)  ,STBAIH(3. 


CALCDLATE  CIBCOBFEBENTIAI,  AND  aADlAL  STRESSES  S  SXBAISS 


IP  (PaT00T(I00T,5) .EQ.2.)  8RITE  (2.250) 

IP  JPOTODtUoOT.S)  .SI.2.  J  GO  TC  180 
DO  170  J*1,SUnSTP 
DO  170  N*1, NONET 

ENERGI*.  5*(STEESS  (1,J,N)  ♦STRAIH(1,J,S)  4'STRESS(2,  J.N)  «STBA1  N (2  , J,  N) 
1  + STRESS  (3, J.N)  *STEAIN(3,J,N)  ) 

ANGLE*  (H-1)  •IAHG*ILO« 

D»ANGLS*PI/180.0 


ENERGI*.  5*(STEESS  (I.J.N)  ♦STB, 
1  + STRESS  (3, J.N)  *STEAIN(3,J,N)  ] 
ANGLE*  (H-1)  •IAHG*ILO« 


IP  (DiST.LE.0.0005)  DIST*0.001 

RADSXS-STBESS  (I.O.N)  ‘COS  (0)  *CCS  (D)  ♦STRESS  (2,  J.N)  •S1H(D)*SIH  (D)  *2.* 
1STBESS  (3. J.N)  *318  (D)  ‘COS  (D) 

CIHSTS*s1r6sS  {  I.J.N)  •SINCDl  «SIN(D)  ♦STRESS  (2,  J.N)  *003(0)  •COS  (D)-2.* 


1  STRESS  (3  *J*:2)  •SIM  (D)  ‘COS  (Oi 

SHESTS»-1.tsTRESS(1,J,S)  •StH(C)  •COS(D)  ♦STRESS  (2,  J,  N)  *SIN(D)  *003(0) 
(♦STRESS  (3,  J.N)  *  (CCS  (D)  *COS(D)_-SIN  (DV  *SIS(D)) 
aAOSTH*STfiAiN  (1tJ,N£*bs  (D)  *C0S(D»  ^STBAIN(2,J,S)  *SIN  (D)  *SIH  (D)  ♦STB 
1AIH(3,J,H1*SIS(D)  *C0S1D) 

CIRSTN -STRAIN^  I.JjNf ‘SIN  (D|  *SIS  (0|  ♦STHAIN  (2,  J,  S)  •COS  (D)  *COS  (D) -SIR 

’sHRilSiillJiTHjIlIl  (1,J,^{  *SIN(D)*COS(D1*STRAIH(2,J,N)*SIH(0)*COS(D) 
(♦STRAIN  (3, J.sji*  (CCS  (Df*COSlDl-SlN  (DV  •SINjDi  f 
HBITE  (2,269)  CIST, ANGLE, CIBSlS.BAOSTS.SaRSTS.CIBSTN.SAOSTM.SHSSTH 
CONTIsdE 
COHTINOE 


(D)*COS(D^^STRAIH(2,J,N)*SIH(0)*COS (D) 
^iifB((oSTsfs^R^^S,CI85TN.SAOSTM,SHSSTH 


HSITF  THE  OOTPOT  CISELACSaENTS 


D3«3.0*DIA 

DISP*DIi/2.0+HOMSTP*STPISK 

^IP  (?UTOOT(IOaT,6)  .2Q.2.0.AHD.E.BB-0.0.  AHt).DISP.GT.D3)  WHITE  (2,27 

^I^  (POTOaT(IOOT,6) .SQ.2.0)  WRITE  (2,280) 

IP  (PUI001(IODT.6),ME-2-0)  GO  TO  200 

DO  190  J»1,30aSTP 

DO  190  K^I.SOHPT 

ANGLE- (K-1I*IANG+ILOW 

DISI-(J-1)*STPISK 

IF  (DIST.LE. 0.0005)  DIST-0.001 

WHITE  (2,290)  DIST,ANGLE,a(J,K),7(J,  K) 

CONTINUE 

COHIINOE 


HETDEN 

FOaaAT  (//.29  (1H-I  ,21H  LAMINATE  STRESSES  ,  29  (1 H-)  ./^SHDrSTANCS, 
12X,5HANGLS,3I,5H3IG-A,6I,5HSIG-I,5I, 6HSIG-xf , 51, 7HHixi5oS , 4 X, 7HaiS 
2iafia,2X, 9BDIHECI1CN./,4  9X,20HP8ISCIP  AL  PRINCIPAL,/) 

FOHHAT  (P7.3.F8.2,P9.1,4F11.1,F8.1) 

FOpaAT  |//,29 jIH-f ,208  LAMINATE  STRAINS  .30 ( 1 8-) , //, 8HD1ST AHC2 ,2 
1 /,5HANGLfi,4X, SHE?S-I,oI,5HEPS-I,52.6HEPS-xf,4X,7Hkixi5Da,4X,7HaiSl 
2aaa,2X,9HDia2CTICN./.49X,20HPBINCI?AL  PRINCIPAL,/) 


bix  viix  «  A  A  #  ^  nuA  n  ^  am  /  0  A 

FOHaAT  (F7,3,  Fa.  2, F 1 0.6 , 4F1 1 . 6 ,P7.  1) 
FOSaAT  ]//,  l5  (1H-)  ,498  CIECOBFERENT 


lAL  AND  HADIAL  STRESSES  S  STHA 


1  ,308  FEOa  T8S  HOLE  BAT  BE  IS  ERROR) 
POBaAI  (///.  13  (18-)  ,  168  DISPIACSaEHl 


POBaAI  (///,  13  (1H-)  ,  168  DISPIA 
1HANGL3,9X.1HU,11X,1H7,/1 
FOaa.\I  (F7.3,JiO.  :,F13.B,712.6) 


,13  (18-) ,//,8HDISTANCS,4X,5 


SURROOTINE  ONLOAD  (P  ,DIA  ,  AI,  BETA,  STR  ESS,0 , 7) 

S/R  ONLOAD  7£fi  1.1  4/2S/83  PDS  AERO  ENGINEERING 

CALCOLATS  STRESS  EISTBIEDtION  ABCOND  AN  ONLOADSO  HOLS 

■  aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa  aaaaaaaaaaaaaaaaaraaaaaaaaaaa 

coaacs  /three/  iang,ilow,ihigb,stpisk,hdhstp 


INTEGER  lANG.IlOW.iaiGH 

DiaENSION  STRESS  (3,20,91)  ,0(20.91)  ,7  (20,91)  ,AI  (3,3) 
DIHENSIOS  W0aK(5)  .COEffSj  UtR(5i  ,sfl  (4) 

COHPISX  H1,R2,SoafLXtXll  ,K2,eck3,COa2,DEH1,DEN2,PHI1,l 
COaPLEX  S,Z1,.<^,P1,Fb,D1,02 
DATA  ;JUHPT/1/, PI/3.  1415926535/ 


CALCOLAIE  COBPLSX  PAEAHETSHS,  INITIALIZE  COMPLEX  KDHBEH;  SORT  (-1.0) 

COaPLX-(0.0,1 .0) 

BOaCO-4 

Coip|2|-55.‘?*Ai^2?3)°*°85SoOO.O 


)  *100000  0.0 

.0 


CO£P(2  --2.0*A1(2, 3) *1000000.0 

COEF  (3  -  (2.0*AI  (1  ,2)  ♦AI  (3,3)  )  *1000000.0 

C0£F(4  — 2.0*AI(ll3l*10<50fi00.O 

C0E?(5  -Aid,  1)*lfl00000.0 

CALL  SOOTS  (COEF, WORK, 30 HCO,BTB,aTI, IE) 

BI-RTH  (1)  ♦aJaPlX<RTI(^)  •  •  •  ! 

IF  (RTI  (2)  .GT.O.Oi  R  1-RTB  (2)  ♦CCaPLX*  BTI 

H2»aTS  (3)  ♦COaPLX*8TI  (3) 

IF  (RTI(4J.ST.0.0)  R2-8TF  (4)  ♦CCBPLX*Bri 


WORK,30HCO,BTB,BTI,IE) 

RTI  (1) 

1  rI-RTB  (2)  ♦CCaPLX*ETI  (2) 


P1-AI  (1,  1)*H1*H1*AI  (1,2)-AI  (1  ,3)*B1 
P2-A1  1,  1J*R2*B2*AI  |i;2|-AI  h,a*a2 
Q1-M(  1,2j*B1*AI(2,2)/al-AI  (2,3j 

IF  (lANG.EC.O)  GO  TO  10 
NOaPT- (JIBlGH-ILC  ■)  /lANG)  *1 
CONTIS OE 


-ILC  ■)  /lANG)  *1 


DO  30  JJ>1,3aBSTF 
DO  20  SNa1,NOHPT 
0  (JJ,NN)  -0.0 
V(JJ,»S|  -0.0 


K .. 

W  *« 


ii 


onn 


-An 


■v> 


NNNsNN-l 
*j  j  j*j  j  ™  1 

THETA*  (II1IH*IAHG4.i10W1  *91/180.0 
SA0iaS*JJJ*STFI!IK'»0I  A/2.0 


CALCOLATS  X  6  I  CC0RCISW2S  CF  PC«TS  AEOOSD  OHLOADED  HOLE 

X*RADIOS*COS (THETA 
T*RAOIOS*SIM (THETA 


CAICOIATS  ECCAIIOH  2AHAHETEHS  FOR  OSLOADED  HOLE  EQOATIOHS 


Z1=X*H1*T 
Z2*X»a2*T 
Z*X*CO  !1PLX*T 


COHPLEX  HAPPISG  FOHCTIOS 


XI1*CSQ8T  (Z1*Z1-ElA*CIA/tt.0-a  1*5 1  «0I  A*D lA /«.  0 
X12»CSQ£l(z2*22-DIA*CIA/‘t.0-S2*82*DIA*DIA/tt.  0 


CHOCSE  THE  ROOT  WITH  THE  CORRECT  SIGS 


XI1»Z1/XI1 
XX  2*Z2 /XX 2 

XF  (REAL(XXI)  .LT. -0.000011  XI1*-1.0*XX1 
XF  (R2AL(XX2j  .LT.-O.OOOOli  XX2*-1. 0*1X2 
XX1=1. 0-ixi 
XI2-1. 0-  XX2 


C.'.tCOLilS  ?HX  ?5X.TE 


COM1*8  2*SX5  (2 .0*9ETA)*2.0*COS  (BETA)  *COS  (BETA)  ♦COHPLX*  ( 2. 0*R 2* SXH  (B 
1ETA)  »9i;i  (ESTA)  ♦SIM  (2.0* BETA)  ) 

C0a2*R  1*S1M  (2.  0*SETA)  *2.  0«COS  (BETA)  *COS  (BETA)  ♦COHPLX*  (2. 0*R1*SXH  (B 
1ETA)  *SXN  (BETA)  ♦SX8  (2 .0*aETA)  ) 


DEtl1*2.0*0XA*  (HI-52)  *(1.0*COHFIX*S1) 
DEN2*2.0*CXA»  (b1-R21  •  (1. 0*CON?lX*B2i 
PHX1*-COHFLX*P*DXA*CCH1*XX1/V2.0*DEH1) 
PHI2*COaPLX*P*OIA*COM2»XX2/(2.0*D2S2) 

'cALCtJLATE  STSESS2S  AHOOSD  HOLE 


^S|5ES3(1 ,JJ,NH) *P*CCS(BETA) *CCS (BETA) ♦2.0*RBAL (R1*B 1*?HI1*B2*R2*PH 

ItIiESS  (2,JJ,SN)*P*SXE(BHTAt  *SXB(BETA)  ♦2.0*REAL  (PHX1*PHI2) 

STHESS  (3,JJ,MN)  »P*SXM(BETA)  *CCS{BETA)  -2.0*REAL  (ai*PBX1  ♦B2*PHI2) 


CALCOLAIE  DXSPLACEHEBTS 


XI1*1.0-  1X1 
XI2-1. 0-XI2 
XI1*Z1/XX1 
XI2*Z2/XI2 

DEH1*16.0*(H1-S2) *(Z1*XI1) 
D£N2*16.0*(al-R2) *jz2*XI2 
PHI1*-P*DXA*DXA*  (CCBFU+B  1)  *CCH1/DEH  1 
PHI2»P*OIA*DIA*(CCaPIX+a2)*COH2/DEM2 
0  (JJ,SM)  »2.0*REAL(P1*PHX1+P2*PHI2) 

?  (JJ.Sll{  *2.0*REAL  ((11*PHI1*Q2*FBI2) 

cOhtIhos 

COHTXNOE 


BETORH 

EHC 

SOBROOTXKE  LOAD  (P  ,SXA,  S ,  ALPH  A,STB£S  S, 0  ,T) 


S/B  LOAD  VEB  1.1  a/25/83  PDS  AEBO  EBGXNEEBXHG  « 

CALCOLATES  STRESS  CISTRIBOTZON  APCOHD  A  LOADED  HOLE  ASSOHIHG  A 
COSXRE  BOLT  LOAD  CISTRX30TX0B  * 

■  nmmmmmmmmmmmmmmmmm  sassssssMM 

COaaOH  /THO/  XCOT  (151-S0HPLX.SD8HAT.  ANG  (8)  .?LITaK(8)  ,aATlD(8) 
conaos  /three/  lASG.itoX.XHXeH.STPiSK.SOHSiP 
XSTEGER  XAHG.IIOa.XHXGH 

COMPLEX  B1,32,COaPLX,Z.Z1,Z2,CPOS(SO) ,CRBG(50)  .CZEBO.CH.AKI ,AK2,XX 


uuu  uuu  uuou 


1 1 ,XI2, PHI1,PHI2,CCB1.C0H2,XXI1,XXI2 
C0MPI.2X  CHBCK1  ,CHICK2,?1  ,P2,Q1,Q2 
CCHPLEX  11(50)  ,12  (SO) 

OISEHSI- . -  . 

OIBEHSL. . 

OISEHSIOH 
Dill 


A  I  17 &v> n «  « A #  w 

:HPLEX  11(50)  ,12(50) 

[SESSION  li4ATBX(4.it)  .BHltBX  (4)  ,STaBSS(3,20,91) 
CHESS  10 H  a(20,9f),V  (20,91)  .S  (3,3) 

CSESSIOH  HOHK(5)  ,C02P(5f  ,kfa  (4)  ,&TI  (4) 

111  HUaPV1/,FI/3. 14  1  5  9  2  65  3  5/ 


ISITIILIZE  CCaPDEX  SOaSEH:  SQSTi-I.O) 
COHPLX«(0.0,1 .0)  _ 

CALCOLITE  COHPLEX  PlfilMETSHS 


HOMCO 
COEP  ( 
COEE  ( 
COEFf 
COFF  ( 
COE?  i 
CALL 


1) »S  (2.2)  *1000000.0 

2)  =-2.0* S  (2,3)  *1000000.0 
3j»  (2.0*S  (1,2)  ♦5(3,3))  *1000000.  0 
4  =-2.o*s  |i,3)  *i(Jo5obo.o 
5)  «S  (1,  1 )  *1000000.0 

_ aCOTS  iCOEF,ViORK,:ia«CO,RTH,aTI,  IE) 

ai=RTa  (1)  ♦coapLx*RTi  (i) 

IF  (HTi(2).GT.  0.0)  a  1*!)TB  (2)  ♦COBPLX*BTI  (2) 
a2»aTa  (i)  ♦coaPix*ETi  (3) 

--  ^  '•  . . . CCBPLX*  BTI  (4) 


IP  (RTI(4)  .GT.0.0)  a2»aTB  (4)  ♦CCBI 
P1*S  (1  ,  I)  *91*H  1+5  (1, 2)-S  ( 1,  3)  *R1 
P2=s|l  ,  1)  •a2*E2*Sil,2)-S  (1,3)  *B2 


Q1=S  1,2)*ai*s  (2,2)/ai-S  (2,3) 
52*s}r.2)*a2*s  |2;2{/fi2-s|2,  3{ 
THICX*0. 0 
cc  10  ;i=i,soaEiy 

THICX*IHICK*?LXTHK(N) 

CQNTISaS 

?»4.0*P/PI 


A  COSISE  SaiPEO  LOAD  DISTBIBOTIOS  OVEB  HALF  CF  HOLE  AT  AH  ANGLE 
ALPHA  TO  X  AXIS.  CAICDLAIS  THE  COBPLEX  COSSTIHTS 


20 

30 


PI2*Pr/2.0 

a*-i 

COSTISOE 

H»B*1 

IF  (B.  EQ.  I) 
CONTIS  of 
C1=S1S ( (H-1 
C2-SIS "  - 

C3»SIK 
C4»SIH 
C5«COS 
C6*COS 
C7»COS 
C8*COS ( (M*! 

ca»p*  ( jci*c 


GO  TO  40 


b-1  *  (-PI2)  )/(2*  (fl-1) ) 
(H+1  •  (-PI2)  )./(2*  (H*1)  ) 


IF 

IF 

IF 

IF 

IP 

B=- 


,  - .  .2*(a";’i{i 

2-C3-C4)  -COaPLX*(-C 


B  +  l)  ♦? 
H-1 


40 


50 

c— 


_EQ.O)  CZERO*Ca 
H.  GT.1)  CPOS(H)*Ca 
a.LT.-1)  HN*-1*H 
a.  LT.-i|  csEG(aN)«ca 
H.LE.O)  GO  TO  50 
*H 

GO  TO  30 
CONTINUE 
C1-PI2 
C2»SIS 
C3 
C4 
C5 
CH 
IF 
IF 
IF 

a 

GO  TO  40 
CONTISBE 
a>IlBS  (B) 

IF  (a.  IT. 49) 


5-C6*C7+C8)  )  /(2.0*PI) 


1»PI2 

2»SIS  (2.C*(PI2))  /4.0 
3*SIH  (2.0*(-Pl2)  [/4.0 
4*SIS  {PI2).*SIN(P12//2. 

5*SIN  (-EI2) - - 

J*P*  (  (Cl *02 
CF  (a.lg.1) 

CF  (H.EQ.-I) 

CF  ]a.s3.-ij 


.0 

/2.0 

PLX*(C4-C5))/(  2.0*PI) 


GO  TC 


GO  TO  20 


QUAIE  COEFEICIEMTS  4NE  SOLVE  FOB  CONSTANTS 


DO  30 

HN=a-1 

IF  tdV 

EMAT5X 

BHAINX 

GO  TO 

CONTIN 

BBATSX 

BBATRX 

COM  TIM 

aN»M*1 

aNSG=- 

BHATHX 

BMATEX 

AHATSX 

ABATHX 

AflATSX 

AMAT5X 

ABAIHX 

AMATHX 

A.x.ATSX 

AHArSX 

ABATE! 

AflATSX 

AflATSX 

AflATSX 

AflATSX 

AflATSX 

AflATSX 

AflATSX 

CALL  S 

IP  (J. 

A1  (fl»  » 

A2  (i«  • 

CONTIS 


M«1  ,45 

•  flE.O)  GO  TC  60 

(1)  =aEAL  (-CTEBO*OIA/2.  0) 

^2i  =AIMAG  (-CZEHO*DIA/2. 0) 

OE 

(1)  «REAL  (-CSOS  <HH)  *DIA/  »2- 0*  (fl  N*  1 )  1  ) 

^2)  =AIKAG(-CPOS(BN)  ‘DIA/  (2-0*  J  ) 

1*«N 

(3)  =R3AL  (-CKEG  (flSl  •  01  A/ (2- 0*  (11 NEG  +  1)  ) ) 

iai  =AIflAG(-C;iEG(aB)  •DIA/(2.0*(«MEG*i|  (  ) 
1  ,  1)  »T1+1.0 
1,2  =S1 

1,3  •r2*1.c 
1,4)  .3  2 
(2,1)  .SI 
(2' 2)  “-T1-1.0 
(2,3)  .32 
i2,'4l.-T2-1.0 
(3,1  .1.0-11 
U,2\  «-S1 
3,3)«1.C-T2 
(3,4)  .-;2 


(4,1  .SI 

>1. 


.  .2  «1.0-T1 

isHf  «!-;••!!  IW-*-" 

BaAI5X(1)*CCflPlX*BnATSl  (2) 
eaATHX  (3)  ♦CCaPLX»BaATRX  (4) 


eaATHX 

UE 


PX.2.0*PI*AIflAG(CCflPlX*OIA»CSIG(H/2 .0) 
PT.2.3*PI»REAL  (C0aPLX*DIA*C3EG(1)/2. 0) 

AflATSX  (1,  1).T1 
AflAIHX  I  1  ,2)  »S1 
AflATSX  1,3)»T2 
AflATSX  I  1  ,4)  .S2 
AflATRX  i2,lj.0.0 
AflATSX  I  2  ,2M1  >0 
AflATSX  i2,3j>0.0 
AflATSX  I  2,4)  «1  .0 
AflATSX  i3,1).2,0*S1*T1 
AflATSX  3,2)  "SI  *31-11 ‘Tl 
AflATSX  (3,3  .2. 0*S2*T2 
AflATRX  (3, 4)  .S2*S2-T2*T2 
AflATSX  (4,1)  .-11/ <S1*S1*T1*T1) 

AflATRX  (4,2j.S1/(S1*SUT1*T1) 

AflATRX  (4,3).-12/ (S2*S2*r2*T2) 

AflATRX  4,4) -32/  (S2*S2*T2*T2) 

BflATHXil  »PX/(4.3*PI) 

BBATRX  (2  .-PY/ (4.0*P1) 

BBATRX  3  "(S  (1,2)  *PT*S(1,  3)  •PX)/(4.0*PI*S(1,1)  ) 
BBATRX  (4  «-  (S  (1 ,2)  *EX*S  j2  ,3)  •IJ)  /(4.  0*FI*S  (2,2)1 
CALL  SlflOLT  (ABiTHX.BBATBX.4, J) 

IF  (J.EQ.I)  aHITE  (5,180) 

.\K1.BBATEX(1)  ♦CCaELX*BflATSX(2) 

AK2.BNATEZ(3)  >COaPLX*BR  ATSX  (4) 

HUaPT.1 

IF  JIANG.  BO.  0)  GO  TO  90 
NOMPT.  ( (IHIGH-ILO«)/IANG)  *1 


1  4ND  r  COOaDIMATES  OP  FOISTS  AfiCOND  LOADED  HOLE 


X»BADr  0£*COS  (THETA* ALPHA 
Y=*SADIOS*SIS  (THETA  +  ALPHA 


CALCOLATE  PABAHETIES  tCH  LOADED  HOLE  EQUATIONS 


Z1=X*B1*Y 

Z2=X*B2*Y 

Z=X+COaPLX*Y 


HAEPING  FOHCTICN 


XXI1=CSQST(Z 1*Z1-EIA»DIA/tt. 0-B1*P1*DIA*DIA/U.3 
XXI2=CSQST(Z2*Z2-CIA*DIA/4.0-B2*a2*DIA*CIA/tt.O 


CHOOSE  THE  CCBRECT  SIGN  OP  CSQ8T 


CONTINUE 

XI1=Z1*XXI1 

XI2=Z2*XXI2 

XI1*2.  0*XI1/  (DIA*  (1 . 0-COHPLX*E1) ) 

XI2=2.  0»X:2/ ICIA*  (1.C-COtlFLX*S2)l 

COX1«RSAL  (XI  ft  *SEAL(XI11  ♦AiaAG(Xll)  •AIMAG(XI1 

COX2=SSAL]xi2i  »REAL(XI2  ♦AIHAG  (XI2)  •  AIHAG  (XI2 

IP  (COX1  .GE.  0. 99999)  GO  TO  110 

XXI T«- XXII 

GO  TO  100 

CONTINUE 

IP  (COX2.GE.O. 99999)  GO  TO  120 

XXI2»-XXI2 

GO  TO  100 

CONTINUE 

XXI1«XI1 

XXt2=«XI2 


II 

52)  5 
G(X11)  • 
G  (XI2)  • 


AIMAG(XI1 


CALCULATE  PHI  PRIME 


COM1=(0. 0,0.0) 
C0fl2»(0. 0,0.0) 
DO  13(3  H«1,45 


COM1  =  COa  1*«*A1  (H)  »XI1**(-1*H) 
COM2»COM2*H*A2  (M)  »XI2**  (- 1*(1) 
CONTINUE 


(inn  nnnn  n-*^  -•  <inn 


12-0*STRXX*S1H  (AlEH)  *003  (ALPH> 

STRESS  (3  ,  JJ,  SNI  =ST3X»SI*I  (ALPS)  *COS  (ALPS)  -STSr^SIN  (ALPS)  *C0S  (ALPS)  ♦ 
ISTRXI*  (CCS  (ALPS)  *C0S  (ALPS) -SIS  (ALPS)  •SIS  (ALPS)  ) 

CALCULATE  0ISPLACE9ESTS  - 


UO 


50 

60 


XI1=XXI1 
XI2-XXI2 
C031»(0. 0,0,0) 

COH2*jO. 0,0.0) 

DO  140  S=l,45 

COal=COM1+A1  (H)  *XI1**(-1*K) 
COM2=*COS2+A2  (M)  •XI2**  (-  1*M) 
COSTISDE 
XXI1=CL0G(XI1) 

XXI2»CLOG  (XI 2) 

PHI1=AK1»XXI1*COai 

PHI2»AK2»XXI2>C0a2 

0  (JJ.SS)  =2.0*HEAL  (P 1  •PHI  1+P2*PHI2) 

V  (JJ,;iS)  «2.0^HEAL  (Q1  •PHI1  *Q2*tHZ2) 

COHTISUE 

COHTISOE 


HETOHS 

70  POSHAT  _ _  __  _ _ 

80  FCHaAI  (UIH  SinOLT  CALC0LAT3S  A  SISG0LA8  SET  OF 
EIIO 

SDEROOTISE  PLISTR  (IFAIL) 

==a333sss=sssa3ai3ssxx3xa«  aaaaaaaaaaaaaaaa  aaaaaaaaaaaaaaaaaaaaaaaa 

TRASSFCRMS  LAMISATE  STRAINS  TO  PLX  STRESSES/STEAISS  3X  ASSD 
CC;iSTiJT  ST?. AIM  ■"EHOOGH  THE  THICKSESS 

aaaaaaaaaaaaaaaaaaaa 

COaMOS  /CSE/  II 

coaaos  /tso/  io 

COaHOS  /THREE/ 

coaaoa  - 

coaaoa 

IHIEGER’  lAKG.IlOa.lHiGR 
DATA  S0aET/1/,PI/‘. 1415926535/ 


EOS.) 

EQS.) 


5i  (?5L.aljSpLXi  sIiShat/ aW/8)  .plithk  (S)  ,aAriD  (8) 

rA!lG,llD«,IHIGH,STPISK,:iOaST? 

/EIGHT/  SISSSSi3  ,20,  91 )  .STRAI  S  (3,20, 9 1) 

/HI3E/  STSi78.20;91)  ,STH2(8,2  0,91)  ,  STRI 2  (8,20 ,9  1) 


CALCULATE  TEE  STRAISS 


MOVB^O 

IF  (lANG.EQ.O)  GO  TO  10 
B0HPT=  ((1BIGH-1L08) /lAHG)  *1 
10  CONTIS OE 

IF  (PaTOOT(IOOT,7).EQ.2.)  SRITE  (2,60) 
20  CONTINUE 

DO  30  JJ»1,S0!1ST9 
DO  30  NS»1,SUBPT 
DO  30  L»1,;lDnPlI 
D»ANG(L) •PI/180.0 
STSANX>STBAi:i  (1, JJ.SS) 

ST3AHT>SIRAIS  (2,JJ,SN) 

GAHA3ST3AIS(3, JJ,SS) 


STSA»1»ST8ANX*COS(D)  •003(13 
STRAN2*STEASX^SIS(D)  •SIN(O) 

GAHA12>GAnA^SlN  (D)  •COS  (D) 

STRI  (L, JJ.SS)  -SI8AN1+STHAS2+GAEA12 
STBAS1  ■SIBAHX*SIS  (D)  •SIS  (D) 

STBAN2aSTBANX*COS  (D)  "COS  (Df 
GAaA12*-1.0*GABA^SIN  (D)  •COS  (D) 

STB2(L,JJ,SN) «STBAN14STRAN2«GAHA12 
STRAHI  »-2.0^SIBANX^SIH(D)  *008  (C) 

SIRAN2*2.0^STBANX*SIN(D)  “COS (C) 

GAaA12»GAHA»COS(D)  •COS(D)  -GA!lA*SlN(D)  •SIS  (D) 

STR12  (L,  JJ.SS)  •STEAN14’STBAN24-6ABA12 
ANGLE*  (NN-I)  «IANG'»ILOB 
DTST»(JJ-1)  •STPISS 

C  IF  (DIST.  IE.  0.0005)  DIST-0.001 

IF  (PUTOgT(IOOT.7).EQ.2.)  WRITE  (2,70)  DIST, ANGLE, ANG(L) ,STB1 (L,JJ 

30  ’^g»fiSTR2(L,JJ,5N|,siH12(L,JJ,NH) 

IF  (HOVE.EQ.I)  GO  TO  50 


If  (POTOOT(IOOT,8)  .EO.2.0)  38IT2  (2,80) 
DO  uo  jj-i,HaasT? 

DO  40  MH-I.SOHFT 
DO  40  L>i,liaaEti 
a«»iTiD(Lr 


uyj  V  I  «  ti  u  a  f  ^  A 

a«aiTiD(Lf 

»21*»12  (.1)*B2  (B1/S1  (B) 
OEN-I.O-vSafB)  •»i1 


»BC*STS2 
BC1>STB1 
STSI  (L,J 
STE2iL,J 
Siai2 (t. 


,JJ,SH)/DBN*T12 (8) *£2(8) •iflC 

*Bci/DES*B2(M)*Aac 

88)  *G12(8) 


ANGLE*  (NN-))  *IANG«ILO<l 

DIST=  (JJ-1)  *STPi;>K 

IF  (DIST-12. 0-0005)  DISTjO.OOl 

If  |?atoar(iooT,a)lEQ.2.0)  sbits  (2,90)  disi.ahgle.angcl)  ,sibi (l.j 
J,NN)  ,  STBia.JJ.NN)  ,£TS12  (L,JJ,NH) 


If  (90TOOr(IOOT,ai  .  EQ.2. 
1J,NN)  ,  STBia.JJ.NN)  ,STS1 
CONTINOE 
«0¥B*1 

IF  (IFAIL.EQ.  1)  GO  TO  20 
CONTIN  OB 


ESTDaM 


FOS8AT  (///- 20  (1H-)  ,  19H  PIT-BI-91I  STRAIN  .20  ( 13-)  , //, aHDISTASCS ,2 
1I,5HA!IGtE.4i,3HPLl,1X-5HEPS-1  ,7X,5HBPS-2,6X,6aEPS-12,/) 
f6e8AT  ff?.3:f8.2.P8.),3P12.6f 

FCBSAT  ]///,20  (1H-).- 19H  9LI-BY-PLT  STP.ESS  ,20(  1H-)  ,//,2X,4HDIST,4X 
l-SHANG LS.UX-3RfIE,7X,SRSIG-1,7X,5HSIG-2,6X,6aSIG-)2,/) 

^OEMAI  (17.5, fa, 2, 38.1,3212.1) 


END 

SOEBOOTINE  FAIL 


JOIST  STSESS/STBAIN  AB.UISIS  FOB  FAILUBS  0SI30  OSIDIBSCTION 
C  dATEBIAL  ALLOHABLES 

^ais  aasaisaMx  mmmmmmmmmmmmmmmmmm  aaaaaai 

C0880N  /ISO/  IO0TJ1S) -NOaEtT.SOaBAT, AHG(8) ,PLXTHK(8) ,aATID(8) 
coaaoN  /THBES/  rAKG,r£oif,rRiG8,STPrSK,soasT? 


Xbl&acia  AAHUf 

DI8ENSION  PLIFAL  (3,8)  , FAILS  (3,8)  ,BT0  (3,  8)  ,PLTBXO(3,8) 


BAXiaoa  STSBES/STBAIN  CSITEBIA 


CONTINOE 
FX«FXT  (BATH) 

IF  (X. LI. 0.0)  FX-fXC  (aATII) 
FT«FYT  (BATH) 


-S'?' 


IF  (T.  LT.0.0)  FI=FTC(aHIU 

F1»X/FX 

F2=Y/FT 

F3»XI/FXI  (BiTlI) 

GO  TO  80 


TSII-HZLI  CaiTIBIl 


COSTISOE 
FX»FXT(ni5II 
IF  (X. IT. 0.3 
PX»FTT  (HATH 


EX=fXC(HATID 


PX»FTT  (HATH) 

IF  (T.  LT.O.O)  FI=JTC(HATID 

F1»X*X/(FX*?X)  *'1*1/  (FX*?X)-X*1/(FX*FX)  ♦XI*XI/(PXr  (HATH)  •FXT  (HATH 

BTOX*  (  X/FX)  /SQBT  (F1) 

BTOT»(  Y/Flj /SQBTjFI) 

BTOXT=  (XI/FXT  (HATH)  )/SQBT(F1) 

GO  TO  SO 


aODIFIBD  TSAI-aO  CBITEBIA 


CONTIS 
F1-1.0 
F2-1.0 
F11-1. 
F22»1. 
F66-1  - 
F1«?1* 
FX«?XT 
IF  (X. 
?X=FXI 
IP  (T. 
F1«AaS 
8TCX»  ( 
BTOI*( 
BTCXT» 
GO  TO 


/FXT(HATH)  -1.0/PXC  (HATH) 
j^FXT^HATHi.;1.q^FTCj[aATHj 


)  -1.0/ 
5-1.0/ 
II)  *FS 


X>E2*T 
(HATH, 

LT.O.Ci  FX=FXC(HATID 

FT=FTC  (HATH) 

:{/H)/SQaT(F1) 

Y/FY) /SQST  (51) 

JXY/FXY  (HATH)  )/SQfiT(: 


66*XY*XI 


I  )/SQBT(F1) 


HOFFHAN  FAILOEE  CBITEBIA 


CQNTINOE 

71«1.0/FXT(HATH)  -1. 0/FXC  (HATH 
F2»1 . 0/FYl  (HATH) -1 .  O^YC  (HATH 
F11«1.  5/  (FXTfBATII)  *5X0  (HATH)) 


FX-FXT  (HATH 
IF  (X. LT.O.O 


HATH)  *FXC  (HATII)! 
11*X*X+F22*Y*Y*P12*X*Y4’F6  6*XI*XI 

FX^fXC  (HATH) 

FY«FYC  (HATH) 


FY*FIT  (HATH) 

IF  (Y.  LT.O.O)  FY«FYC  (HATH) 

FI-SBS(f)) 

BT0X>(X/Fn /SQBT (FI) 

BTOY-  (  Y/FY)  /SQBT  (Fif 
BTOXZ>i^Y/FXY  (HATH)  )/SQBT(F1) 

CONTINUE 

ANGLE*  (KK-1)  *IAHG+ILOH 
DIST«(JJ-1)  •STPISN 
IF  (DXST.LE.O.OOOS)  DIST-0.001 
IF  jlFAIL.GT.2)  GO  TO  90 

^IF  (PaTOOT(IOOT,9).EQ.2.)  WBITE  (2,230)  DIST, ANGLE. ANG (ZZ) , FI ,F2,F 

GO  TO  100 
CONTINUE 

IF  7?UIOOT(IOUT,9).SQ.2.)  BBITE  (2,240)  DIST, ANCLE, AHG (II) , FI ,HTOX 
1 #  STOT • aTGaT 
)  CONTINUE 

AUTOHATIC  SEABCa  FOB  FAILUBE  *  *  ””  I 


EQ.2.)  NBITE  (2,230)  DIST,  ANGLE.  AHG  (ZZ)  ,  FI  ,F2,P 


IF  (SIG.EQ.2.)  FAILS  (1,II)»F1 
IF  iSIG.  EG.2.1  FAILS  (2,Ilf-F2 
IF  I  SIS.  EQ.2.  i  FAILS  (3,II)«F3 


IF  fSIG.Eg.2.)  HTC(1  .llj-arox 
IF  |siG.  I0.2.i  fiTC(2,IIj -9T0T 
IF  (SIG.EQ.2.)  aTC(3-lI)»JaOXI 
IF  ?JJ.SE.2  GO  TO  iJO 
PITFXL(1,I1  »F1 
PLrFU.(2;iI  aF2 
PimL(3,II  »F3 
PLTBTOjl.II  “BTOX 
P1I5T0  (2  ,II  -BlOX 
?iyHTO]3:iIl  *BTOXI 
CHK*CHECR 

IF  (AflS  (CHECK)  .LT.ABS(F11  J  CHSCK*F1 

IP  (ABSlCHECK)  .tI.A0S(F2)  )  CHECK-F2 

IF  (ABS  iCEECKJ  .tT.ABSiF31  (  CHECK«F3 

IF  (CHECK-Sa.CHK)  GO  TO  120 

KKK>XK 

I1I»II 

sia>2. 0 

DO  110  11»1,II1 
DO  110  S«1,3 
FAIlS|»,a)=PI,lFAI  18,11) 
fiTC(S,  Mf  •ELiaTC(8,a) 

CONTiaOE 

COSTIirOE 

COHTiaUE 

COHTIlIOE 

IF  (CHECK. 2Q.  0.0)  GO  TO  190 
IF  (IP AH. SO.  1  CCSSEC«1.0/ABS  (CHECK) 
IF  (I7AII.2Q.2  CO?.aEC«1.5/ABSJCHECK)_ 
IF  )IPAIL.IQ.3  CCaHEC«1.a/SQET (CHECK) 
IF  (IFAIt.2Q.4  CCHEEC^I.O/SQHT (CHECK) 
IF  llPAIl.ag.S  CCHBEC*1. 0/SQ  HI  (CHECK) 
aaiTE  (2,200)  COSSBC 
IF  (POTOUTdOOT,  10)  .SE.2.)  GO  TO  180 
IF  (C0BBEC,iT..999.OB.COaaEC.GT.1.00 1) 
AHGLE«  (KKK-1)  •lAHG^IlOH 
IF  (IPMt.OT.2r  GO  TO  160 
HBITE  (2,250)  P2,PI,2XX,P 


eLiaTC(8,a) 


GO  TO  180 


DO  150  I«1,SUBP1I 

KBITS  (2,260)  SIPIHK.AKGLE.  A8G(I)  , FAILS  (1,1)  ,FAILS(2,I)  ,FAIiS(3,D 
COHTiauE 


GO  TO  190 


CONTIHUE 

HBITE  (2,280)  S1?I8K,A8GLS,  AHGII), FAILS  (1, 1)  ,BTO  (1,1),  BTO  (2,1), BTO 

’^oSiisoE 

CONTinOE 

COBTIHUE 

IF  (P01O0T(IO0T,10) .BE.2.)  COBBXC*1.0 


BETDBN 


FOBHAT  (/,5X. 3«RFAILgBE  LOAD  HASHIFICAIIOH  FACTOB: .F9. ») 

FOBHAI  (//.10 (1H-) ,26H  FAILOBE  CBZTZBIA  PES  PLT  , Id  (1H>L.//, ISH 
1DIST  ASG.8B  PLT ,l2Z, 1 SBFAILOBE  80HBBBS,/,3SZ,23B1 
22  SHEAH) 

FOBHAT  (//,18  (1H-) ,26H  FAILOBE  CBIIBBIA  EEH  PLT  , 18 (IB^ .//, 8HDIST 
1ARCZ,2X,5Bi8GLI.UX,3HPLT,»X.7BFAIL0BB,7X,14HFAIL0B£  BATl6s,>,27Z,6 
2HSaaBEB,6i,1R1.7X,lH2.6Z.5HSaEAB,//) 

FOBHAI  (F7.3,f|.2,F8.1,3F12jH 

Folail  |//;^8x®j9fAOio<ATl6^l  EABCa  FOR  FAILOBE: ,//,2SX.16RFAILaBE 
1STBE3SES./,18I,2HPZ,10X,2aPT,10I,3BPXT, 10X, IBP/, 11X,4F12. 1,//,8Z.« 
24BOISTABCZ  ABGLX  HT  FAILOBE  NOBBEBS,/, 361, 19B1  2 

3,;9.2.F10.  2,3f8,  31 

FOBHAT  (//10X.29HA0TQHATIC  SZABCH  FOB  FAILOBE://, 2SX.16BFAIL0BE  ST 
1  BESSES,/,  18Z,3iPZ,10xr2BPT,  10Z.3HPXZ, lOZ, '.BP,/,1 1  Z,4F1  2. 1  ,//,6Z, 33 
JHOISTAllci  ..CLI  FAl£0BE,9Z,14&FAZLDis  Bm0S,/,3SZ,6iH0 

3HElB,7Z,1H1,9Z,TH2,7Z,5aSHB4B) 

FOBHAT  (F11.3,H.2,Fl5.2,4Ft0.3) 

EBO 


SUEBOaTINE  SIRUL?  (A.B.R.KS) 

BSSX33SaX3S3S3S93SSXaXS3XSXS X33XXXX3X XXXXXXXXXX XB 

TEST  ?0a  ALGOaiTHMIC  SIHGOtAfilTT  ADDED  01/10/79 
MACHINE  EPSILON  FOB  CEBEB  SINGLE  9BECISI0N 


DIHENSION  Afl) ,E(1) 
DATA  EPS/7. 11 £-15/ 


TOt=3.  18*EPS*<H-1) 

BETA >0.0 
KS>0 

DO  30  J3l,!t 

JT3j*1 

JJ>JJ4'M»1 
BIGA>0.0 
IT-JJ-J 
DO  20  l3j,N 
IJ>IT*I 

IF  (ABSiBIGA) -AES  (A  (IJ)  )  }  10,20,20 
EIGA>A (IJ) 

IMAX-I 


CONTINOE 

IF  (ABSIBIGA)  .GT.SETAl  B  ETA>  AES  (BIGA) 
IP  (ABS(EIGA) -T0L*BETXI  30,30,40 
KS*1 
BETOBN 

Il3j+lt*(J-2) 

IT»iaAX-J 
00  50  K3j,N 
I1=I1*‘I 
I2»I1*IT 
SAVE=A  (11) 

A(I1)>A(I2) 

A}l2j»SAVE 
A(I1)>A(I1)/BIGA 

sAVE^a(xaAzf 

B(I.'lAX)3B(ji 

Hi0)="3  AV E/aiGA 
IF  (J-N)  60,90,60 
ICS-N*(J-1) 

DO  80  rX>JI,N 
IXJ«IQS+IX 
II«J-fx 
DO  70  JX>Jt,N 
IXJX»N*(JX-1)  ♦IX 
jjx>ii  jx+rr 

A(IXJX)>A(IXJX)*(A(IXJ)  *A  (JJZ)) 
b]iX)  »  B  (IZ)  -  (E  (J)  *A  (IXJ)  ) 


A  (IXJZ)  >A  (I 
b]IX)>B(IZ) 
Nt«M-1 


IT3N*N 

DO  100  j3l,RY 
lA-IT-J 
IB>H-J 
IC-H  . 

DO  100  K3l,J 

B^I3j^>B  (IB)  -  A  (lA)  *8  (iq 

1C>IC-1 

BETOBN 

END 


DIBEBSIOB  XCOJ  (B)  .COFCBl  ,  POOTB  (B)  *ROOTI  (B) 

RE4L*8  XO-YO.X,J-SEa,?pk.OX.OT.»,fT.XT.tI 
1  ,XT2.YT  2,SaRSQ,DX,DT,{EBS,iLPHA,PI,aBPP.EC.TOL 

SEIATIVE  BACaiSP  PBECIsfoS  tTSST  FOB  •AlflOST  ZEBO*) 
DATA  aaPREC/1 .0D-1U/,TOL/1.dD-a/ 

IP1T*0 

B-n 

iEa»o 

IP  (ICOPJB^I))  10,30,10 

I?  |b)  2d, 20. 50 

1EH*1 

GO  TO  290 

lEB-a 

GO  TO  290 

iEa*2 

GO  TO  290 

IP  (3-36)  60, 60, «0 
BX*H 
BXX«M+1 
82»1 
KJIaN* 1 
DO  70  1»1,KJ1 

ai«KJ1-I.  +  1 
COE(aT)  »XCOP(L) 

ZO«0.00500101DO 

YO»0.01000101C0 

I»»0 

x»xo 

XO»-10.0E0*YO 

TO«-10.0C0*X 

XaXO 

Y-YO 

IH»IB*  1 

GO  TO  110 

IFIT-I 

XPB-X 

IP8»Y 

ICTaO 

ox«o.ooo 

OYaO.ODO 

Va0,0D0„ 

it»o.5do 

XTal.JDO 

OaCOP(B*1) 

IF  (DABS  (b)  .lE.BBFBEC)  GO  TO  230 

DO  t30  i»i,a 

LaB-I*1 

TEaP-COP(t) 

XT2aX*XT-Y*TT 
IT2aX*TT»Y*XT 
0aUTTEa?*XT2 
V-V»TEBP*YT2 
PI -I 

tIXaOX*FiaxT*TEap 
OYaOI- FI»YT*TiaP 
XTaXT2 
ITaYT2 

SO3SQa0X*0X*0T*0T 
IP  (SOaSQ.LE.BBPBEC)  GO  TO  190 
DX-(T*DT-0*aX) /SOBSQ 
X>X*OX 

DY--^OaOYT»*OX) /SOBSQ 

XP*(DABS  (CT1  aDAESfDX)  .l,E.TOL)  GOTO  170 
Ip^aCT-SOOL  120,1«3»1«0 
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